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ABSTRACT

Solid-state battries hold promise for improvezhergy density and safefiyr shortterm
storage or electric vehicles compared to conventidghalm-ion batteries. The most promising
class of inorganic solid electrolytes are the sulidsed materials due to their high lithxiom
conductivity and ease of processing. However, the cost of the requisitesoiéthd precursors
constrains the largeale production of sulfidéased solid electrolytes. In this work, scalable
approaches to synthesize precurgarsparticular LpS and Sisi from metathesis reactions of
NaS and metal salts are developed and applied to the synthesis of sulifieltate electrolytes.

First, the production of the N& reagent wadevelopedIt was found that anhydrous
NaS can be produced from purification of technigedde NaS hydrate flakes or synthesized
directly. Low cost NgS hydratevaspurified by dryng, then reacting with Hgas at elevated
temperatures. Alternatively, h& was formed by reactingH gas with a sodium methoxide
solution. The HS reagent was completely abated, anavlls generated during the methoxide
preparation from Na metal and metiol. The NgS was recovered from solution by solvent
evaporation. The resulting B(&was characterized with a complementary suite of techniques
showing purity similar, if not superior, to commercially obtained anhydrouS.Na

Next, Li,S metathesis was deleped. In this process b&is reacted with LiCl to form a
solution of LpS and solid NaCl byproduct, with ethanol being the preferred solvent. Removal of
the NaCl precipitate and evaporation of the supernatant yielfishat retainsignificant levels
of solventrelated impurities. A slow, stepise annealing process wasvisedto remove or
decompose these impurities resulting isfS_that was significantly purified but still retained
residual levels of oxygenated impurities such a®Cl, Li>COs, LIOH, and LpO. The resulting
Li>S was used to synthesize the argyroditg® &Cl, the prototype sulfide soligtate electrolyte.
While Li2S impurities manifested as stpeoducts in the final electrolyte, ionic conductivity was
still similar to or better thaelectrolyte synthes&l from commercialhavailable battergrade
Li2S, with roomtemperature conductivities over 4 mStm

Next, he mechanism of impurity formation in metathedgsived LpS was investigated.
It wasdiscoveredhat the impurities likly result from the thermal decomposition of ethoxide
compounds that form as a result of the reaction eENath ethanol, which proceeds in parallel

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



purify the metdtesis LS wereformulated The optimal approach was to dry theS.imaterial at

80 °C under an 6 environment, which resulted in removal of solvent impurities and retention

of the desired nanocrystalline morphology which is lost at elevated annealipey&tunes.

LisPSCI argyrodites synthesized from this approach exhibited pxaisty with stateof-the-art

ionic and electroni c®mSom- despedtvely)i ty (3.1 and
Finally, the concept of cascaded metathesis was proposettammhstrated. kb is a

powerfulmetathesiseagent that can be used to synthesize nearly any metal $udfidéne

appropriate metal chloridencluding those that are unstable in protic solvents. When coupled to

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

sulfide synthesis from low cost b&and metathloridesalts. Cascaded metathesis was

demonstrated through the first solutibased synthesis of SiS.i>S was reacted with Sigin

ethyl acetate tgenerate Sisand a LiCl byproduct, which precipitates from solution. The latter

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

could be recovered and recycled along with the solvents employed to repeat asactoil

cycle. The metathesterived LpS and Sigwere then used to synthesize the glassy solid

electrolyte 60LiS A 4 @, %vhicB exhibitecanionic conductivity of 0.1 mS cm' in good

agreement with literature reports. In principdascaded metathesiould be used for the

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

energy storageonversion catalysis, optelectronics, and solidtate lubricants.

6 .
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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 (GH®@ijnissions from fossil fuel combustid@lobal 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 maringand humammanaged systems (food production, economies, and human
health)! To prevent the severe global consequences of climate change and to overcome growing
energy uncertaintwhile meeting the needs of a growing population, we need to drastically
reduce our reliance on fossil fuels. Sel&36/MWh) and wind ($40MWh) generated
electricity are now cost competitive witlatural gas combined cycle4MWh) in the U.S. and
aregrowing rapidly? However, temporal variations in renewable energy sources create
challenges fostorage and load managem&aidvanced battery technologies present a
promising approach to address this challenge, electrify transportation, and thereby enable
expanded deployment of renewable electricity.

In 2016,thetransportation sectavas responsible for tHargest share (28.5%) of U.S.
GHG emission$ Studies have predictetat replacing conventional internal combust(tiD)
engine vehicles with electric vehicles (EVs) could significantly reduce GHG emissions
globally>® Figurel.1-ademonstrates that EVs coupled with a{ocarbon energy source have
the potential to reduce GHG emissions from vehicles by compare to conventional IC
vehicles! Since 2011 the annual sale of EVs-@#ctric or plugin hybrid) in the US has grown
from 17,000 to >600,000 (2024 Continued expansion of this technology requires
improvements in battery performance and reductions in cost. Advanced batteries are also
attractivefor grid support and load shiftirmpplications, particularly for short durations and
moderate load@-ig. 1.1-b). Batteries are thought to be wsllited to grid energy storage
because they are modular, easily dispatchableseadeble solutions that do not rely on

geographical location or features like pump hydrostodagss’
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1.2  Literature Review
1.2.1 Current Technology

Currently, lithiumion batteries (LIBs) are the gold standard for rechargeable batteries.
LIBs consist of a graphite anode amtithium metal oxide cathode.q.LiC00Oy) separated by a
thin porous polymer separator. The system is soaked in a liquid electrolyte typically consisting of
LiPFs in a mixture of carbonate solveris?(Fig.1.2-a) Todayods LI Bs are the
technology because they are mature, reliable, erdggge’®1*possesses good cyclability and
operating life, have high efficiency of 90% or more, low discharge rate.b%o;@&nd the lowest
cost of battery technologies at $101/kWh at the cell E¥&However, lithiumion batteries are
now approaching their physicochemical lifuit energy densityHig. 1.2-b).}* 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 pémw-temperaturgerformanceé’ Thermal
management and physical protection systems requin@dmnage these issues cause a severe

reduction in packevel energy density on the order of 36%mpared to the cell levé.
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1.2.2 Solid-State Electrolytes

To expand adoption of batteries in transportation or grsigghmanagement, 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 electremical 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 capagity (
1.3-a) while reducing cost. Increased power density, reduced cost, and extended longevity are
challenges that must be overcome for these advanced battery clesmistr

Solid-state electrolytes (SSES)on-conducting materials such as polymers, glasses,
crystalline ceramics, and their compositere an emerging technology that could have a
significant impact on all the aforementioned characteristics. Stdig éctrolytes can be used
to construct batteries that are completely free of liquid phases and are callgldiadtate
batteries (ASSBsFigurel.3-b shows a schematic comparison of a liquid battery and ASSB for
reference. In addition, SSEs can be appleeactive 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 goverthe by St forksghérss inla @iscous

medium. In SSEs, however, charcgarying ions are chemically bound in a solid lattice structure



and must fAhopo through a bottleneck in the

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

form equation a®; = Dye x p%T. Combined with the equations for mobility and conductivity,

E 2 9
the conductivity of ions in solids takes on an Arrhenius fci’rm:% D, = ”—Tf’e X p%. In the

preceding equations,is the concentration of chargarrier defectsyhich 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= ﬁfm_. Total ionic conductivity valueimclude 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:?°
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Figurel.3 a) Electrical potential and charge capacity of some anode and cathode materials. Note:

cathode capacities are with respect to lithiated/sodiated maitbji&€omparison of &quid-
electrolyte cell with alsolid-state batteries (ASSB)Key: Dark gray spherésanode material,
Yellow solidi metal anode, Purple spheilesathode material, Gray solidporous separator,
Orange sphesd solid electrolyte material Reprinted with permission fiSpringer Nature.
Copyright 2016 Springer Nature) Schematic comparison of ion conduction mechanisms in
solid and liquid electrolyte%-Reprinted with permission from the American Chem®atiety
(ACS). Copyright 2016 ACS.

Inorganic SSEs typically consist of a netwdokming cation, ligand, and mobile cation.

(Fig 1.4-a) For examplelisSiOx consists of a network of tetrahedral $f@SiO,) modified by

4

a



Li»O so that Si is the network cation, Dis bound to the silicon, andLibalances the charge

between the two. The crystal structure afSi04 belongs to the LISICONL{ Supeionic

Corductor) family, which exhibits lithiurion conductivity on the order of £@o 10° S cm?.?

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

of at least 1 S cm? but preferably 18-102 S cmi'.!® The reason for this relatively low

conductivity in LkSiO4 is the presence of ndiridging oxygens that arise from modification

with a mobileion carrier §uch as LJO). The small, chargdense oxygen anions form very
strong bonds with small al kal:i fons |1 ke it
structure and decreasing the mobility of the chaaygier. Changing the network former from

Si**to AI**, P*, G&", 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 (g.partially substitute G& for P°*), whichcan 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 formeaker 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 thecatled thieLISICON phase with

conductivities inexcess of 18 S cm'.2® Figure1.4-b displays a map of the LISICON and thio
LISICON phases. It is for this reason that sulimbsed SSEs are the focus of intense research

and are the focus of this proposal.
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1.2.3 Synthesis of Metal Sulfides for SoliéState Electrolytes

Sulfide SSEs have excellent ionic conductivity as mentioned previously, and due to their
high ductility they can be incorporated into solidgate battery designs using conventional
electrode manufacturing processesj(tape casting, drying, calendarirf§}iowever, a major
drawback to sulfide SSEs is their high cost, due in part to the high cost of their precursor
chemicals, which include £$, PSs, MxSy (M = Si, Ge, Sn, Al, B, Sketc), and LiX (X = Cl, Br,
).2% (Fig. 1.5a,b) To justify the replacement of liquid electrolytes with SSEs, their cost per
volume should be similar. However, the materials costs of SSEs is currently about 30x higher
than liquid electrolytes. For exatepFig. 1.5¢c shows a materials cost comparison of a
conventional liquid electrolyte (1.2 M LiR EC/EMC)?’ and a representative sulfide SSE (the
argyrodite LsPSCI) broken down by contributions from the lithium salt and other components
(e.g.solvents, PSs, LIiCl). The breakdown demonstrates that the electrolyte cost in either case is
dominated by the price difie lithium salt, while other component contributions are essentially
negligible. In the case of SSEs, the higist ancconcentration of 1457 >700 USD kgt and15
M 1 increases the cost exorbitantly compared to liquids where the concentration isaly a
M. In this case, reducing the price of the SSE requires reducing the cos$ afrastically.
Figure 1.5d compares the prices of several lithium salts (normalized to Li content) including the
present cost of k6 and the target cost to enable SSEkile the target LIS price reduction is
impressive, comparison with other common lithium satg.CiOH, Li2CGOs, LiCl) shows that it
is not theoretically impossible to achieve.

The massive price difference betweepS.and other lithiunsaltsis partly attributed to
the expensive kB synthesis methods, which include the elemental reaction of Li metal and S,
the hightemperature carbothermal reduction of3@, and the soliestate sulfurization of LiOH
with H2S gas. (For a more detailed discussiohie® synthesis methods, see Chapter 4 and
Appendix A.) In ontrast the interconversion of more common lithium salts is conducted at low
temperatures in aqueous solutions/slurries via ion exchange -ablsivsalt precursorS.(Eq.
1.1-1.3)

Li,CO;+CaOH,Y 2Li ®EaG; 1.1
Li,COs + H,SO, ¥ Li,SO, +H,CO;4 1.2
Li,CO3+2 H G/l 2 L i +GHLCO; 1. 3
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Aside from LbS and BSs, which are ubiguous in sulfide SSEs, additional metal sulfides
are sometimes added to control the properties of the SSE. For exampis,ai8xtremely
valuable reagent with relevance to sulfide SSEs due to its role as a dopant, glass network former,
and cation subléite former in crystalline materials. The synthesis ok &Surrently 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 ofi ppédussors with



H>S or CS gas at >1,000 °C followed by condensation of the SiSduct have been
demonstrated. However, both approaches rely on emetgysive and slow reactions and
separations, which increase the price ot%S>1,000 USD kg, despite the low cost of its
constituent elements. (See Chapter 5 for a detailed discussionQfTi&lack ofeconomical

and scalablsynthesis methods for 4S and Sicomparable to the conventional lithium salts is

a serioughallengehindering the brader adoption of SSEs in advanced lithiion batteries.

1.3  Thesis Objectives and Outline

The objective of this thesis work was to develop-tewperature, liquighhase ion
exchange, or metathesis, reactions for the synthesis e¥/hlgh metal sulfidsalts with
relevance to the synthesis of SSEs. Metathesis is a synthesis method that has been commonly
applied to the synthesis of transitioretal sulfides and is conducted by reacting aqueous
solutions of the relevant metal chloride and sodium sulfigeIN° Spontaneous precipitation
of themetal 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 hydrolysmgatéattand other
strongly protic solventse(g.methanol, acetic aciétc) and therefore have not yet been
synthesized with metathesis.

Preliminary thesis work involved the synthesis ef8.via sulfurization of a lithium
ethoxideethanol solution with b5 to form a solution of LE. Solvent evaporation and
moderatetemperature annealing was performed to remove solvent, formingphigi Li>S
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 b6 gas limits the reakorld application of this synthesis route, the development of
solution processing of b$ 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 tozeyarsoluHity in most alcohols
producing a solution of k&. Drying and annealing the supernatant solution produg8s Li
nanocrystals with good applicability to leading sulfide SSEs such as the argyreB&CLi

Furthermore, L3S has been demonstrated as a sapalternative to Nz5 in the metathesis



synthesis of transitiometal sulfides$3 Due to its higher reactivity in the solid state compared

to NaS, LixS can be reacted with metal chloride solutions in polar aprotic solvents. Compared to

the traditional protic solvents, these organic liquids Heateer compatibility with moisture
sensitive compounds, produce unique product morphologies, and provide unique separations
capabilities. However, this synthesis method is limited by the high cosi®ifwhich is

converted to the less valuable LiCl. T$exond innovation of this thesis work is the application
of this approach to the synthesis of S8asth recovery and recycle of the LiCl byproduct to
regenerate the valuable>Bireagent, leading to a cyclical reaction economy with negligible
lithium consimption.

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 detgdssiparation of the key
reagent NgS from the lowcost industrial byproduct N& ¥d.0. While this general method has
been reported previousk it is formalized and optimized here, and kinetics of the syisl
reaction are reported. Subsequent syntheses were enabled bygpahrgpurificatiormethod
to 60 g quantities. This is in contrastnmstwork conductedn this field, which relies on
expensive high purity N& A 90-Hroduced through recrystallization. Chapter 4 describes the
metathesis reaction between the preparedMad LiCl in ethaol solutions, and its application
to the synthesis of EPSCI argyrodites. Chapter 5 contains an investigation of the mechanism of
impurity formation in the synthesized.& material, and provides several methods of improving
the LS purity and its coregjuent impact on argyrodite formation. Chapter 6 introduces the
concept of cascaded metathesis reactions. In this procgSsslgenerated in a first metathesis
reaction, followed by generation of Si@ a second reaction along with an LiCl byprodudte T
LiCl and solvents are recovered and recycled to perform a repeated sequence of metathesis
reactions. The synthesizech&iand Sigare validated by forming a model glassy SSE via-high
energy balmilling. 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 hazaaddree handling techniques, materials
characterization, electrochemical characterizatonl a note on repeatabilipetailed
descriptions of experimental procedures are provided in their respective chapters.

2.2 Reagents, Purification, and Associate@afety Hazards

Sodium sulfide (N£5) 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 th® Na
flakes is described in detail in Chapter 3.8lavas als@ynthesized from Na metal and$gas.
Dry lumps of Na metal were purchased from Sightdrich 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 knif@ommercial samples of anhydrous;8avere purchased
from several vendors for comparison with the samples produced as a result of this work.

Hydrogen sulfide (S) was supplied by Praxair. Since it is a toxic and flammable gas
certain safety precautionseve adopted when handling it. A blend of 10%6F90% 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 rema8ve H
before being exhausted in the case of higher flowratesSAgids detector is kept 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, Sigidrich,
99%) was ground and dried at 150 °C under vacuum to emsaiséure is excluded from any
subsequent synthesésthium sulfide is typically synthesized from LiCl and purified as
described in Chapters 4 and 5, respectively. Alternativelg Wias synthesized from dissolved

Li metal using HS gas (for details, ségppendix A).Similar to Na metal, an oxide layer was
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removed from Li foils immediately before use.some cases, a commercial material obtained
from Alfa Aesar (99.9% purity) is used for comparison purposes. Phosphorous pentasulfide
(SigmaAldrich, 98%)and SiC} (SigmaAldrich, 99.998%) were used-asceived with no
further purification.

Many organic solvents were used in the execution of this thesis, including alcohols,
esters, ethers, alkanes, nitriles, and amines. Typically, repgetyt solventsifee 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 asideddn the literaturé.

2.3 Air-Free Handling Techniques
2.3.1 Gloveboxes

Two Ar-filled gloveboxes were used to handle and storsexisitive materials. The first
(Nexus System, Vacuum Atmospheres Co.) was dedicated to solvent handling procedures and
general materials synthesis work. This glovelas equipped with a foypoint balance, several
stir/hot plates, and a vortexer for conducting ligpithse operations. The second (LC
Technology Solutions Inc.) was dedicated to dry processes only, specifically electrolyte
preparation and testing. It w&quipped with a thrgeoint 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 ghfye®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 glovetading 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 \wagged 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 heatifgy.(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.

i —

Condenser

Figure 2.1Solvent evaporation/recovery setup.

2.3.3 Drying, Solid/Liquid-Gas Reactions, and Annealing

High temperature drying and solid gas reactions were performed in ebsittrtubular
units of different sizes (capable of processing fromo-1100g of materialinserted into a
vertically oriented tube fuace. 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 equagto th
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 largescale NaS purification (~60 g quantitieshe H/Ar mixture wasintroduced to
the tubular reactor from top to bottom to prevent entrainment of tffe paticles in the gas
stream. The tube furnace was dwelled at 600 °C for 1f#eh,the flow of H 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 inFig. 2.3

For the reaction of gaseous and liquid reagents in tpugatities, a bubble column
reactor was constructedrig. 2.9 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, pregadaiAr was used to transfer the reaction product out of
the column into the aluminum flanged container on the rightABpendix Afor additional
experimental details.

Electrolyte samples were sometimese@aled to improve performance using a custom
built quartz tube apparatusig. 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 atmogpre. 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 flovheating apparatus. Sample capacity from left to right:1Dgy, 100 g
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Figure 2.4Largescale bubble columreactor.
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Figure 2.5Electrdyte 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 Xray beam, which undergoes diffraction and constructive interference when
condi ti ons s aFig. 2.6) Difr&&tioa ppak® ase ptoduwed at nique setd of 2
angles corresponding to a unique sed-spacing in the crystal structunéthe material being
analyzed, acting as a type of #Afingerprinto f
data with reference diffraction patterns. When the powder being analyzed consists of
nanocrystals, the diffraction peaks will be lessnsgeand broader than those of microcrystals.
The Scherrer equatioed. 2.) can be used to estimate the diameyrdf spherical
nanocrystals > 50 nma.is a shapalependent factor typically taken to be ~0.9 (for spherical
crystallites with cubic symmety. ais the Xray wavelengthb is the fullwidth halfmax of the

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

bc ods ®
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Figure 2.6Principle of XRD. Adapted fron2].

In this work, XRD was performed withRANalytical PW3040 Xray Diffractometer
with Cu KUradiation. To exclude moisture during the measurement, pasadeples 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 centereddat 20°), which § 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 sampl ebdledmass at
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 piiynperformed on a TGA Q50 (TA
Instruments) with an ADs 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
heatflux DSC, which was employed in this work, integration of the referaotaer 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 DBGA (SDT, TA Instruments) with use of ADs cups
under flowing Ar. The SDT also collects TGA data while nueiaig) heat flow, which simplifies

interpretation of the heat flow data.

2.4.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measures the transmittaricetio of the intensity of incident to emitted lighof
infrared light by a material. IR ligh$ 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 bond (such as ) 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 ukednork to
detect traces of organic or inorganic impurities in metal sulfide samples, which generally possess
vibrational modes outside of the measurement range4@00 cm'). In this work, FTIR was
performed with a Nicolet Summit FTIR (ThermoFisher)han attenuated total reflection
(ATR) sampling accessory. In ATR, the IR beam passes not through the sample directly, but
instead through an internalhgflecting crystal in contact with the sample. Use of the ATR
expedites solid sample measurement, elating 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 depthfahe 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 changéself. Since weakly polar bonds (such aS)Jossess 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 Ransérie
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 interactgth the light. Similar to FTIR and XRD, this
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produces a fingerprint spectra unique to certain chemical moieties, sueh lasn8s or MS

lattice vibrations. The Raman used in this work is a confocal Raman microscope (WiTec).
Samples are prepared by plagithe 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

confocalmicroscope.

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 pattendar high vacuum and measuring the current produced from
the lowenergy secondary electrons emitted from the near vicinity of the electron beam spot. In
this work, a field emission SEM (JEOL JSMOOF) was employed for SEM imaging. Samples
were dispersedroconductive 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 stregksdiue

to electrostatic repulsion of the incident electron beam.

2.4.7 Energy-Dispersive Analysis of XRays (EDAX)

EDAX was performed in the same instrument as SEM to analyze the elemental
composition of samples. When the electron beam interacts wittathple, some ground state
electrons are ejected to a higher energy state producing an electron hole. When a high energy
electron fills the hole, an-Xay is produced, with energy characteristic of the electronic structure
of the element it originated fmo. By analyzing the Xays produced from this process, elements
can be identified and quantified. EDAX provides elemental composition data, but must be
calibrated. Unfortunately the-Kays produced from light elements such as Li are below the

detection linit.

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 iediwith electrons emitted from a hot filament, then
filtered by electric quadrupole to measure the amount ionization fragments of specifimimass
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 amplitudelQ mV) to a
sample. In the case of this work, the voltage was applied to pelletized samplamiggs steel
rod electrodes Hig. 2.7a) 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 sarcheid by ioRblocking electrodes, the frequency
at which the impedance is purely ohmic in nature reflects the characteristioppimg
frequency of the material. The magnitude of the impedance at this frequency equals the
resistance due to ion conductipius negligible electron conduction), from which the ionic
conductivity can be calculated using Ohmoés | a
the ohmic and capacitive resistance of the system, including the pptateecapacitance 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 spi ke r epr epThencelicande répreseatédyada c a p a

simple equivalent circughownin theinset in Fig. 2.7b.

0 5 10 15 20
Ziea | KQ

Figure 2. 7Measurement and data analysis of EIS. a) Split cell for characterizing electrolyte
pellets. b) EIS Nyquist plot with equivalent circunset.
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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 peltetl samples. In the same cell as used for EIS, a
stepchange is applied to the voltage, and a spike followed by exponential decay to ssteady
value is observed in the current responBi. (2.9 The spike represents capacitive charging
while the stady-state current represents electronic leakage current through the sample, from

which electronic conductivity is calculated u
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Figure 2.8Chronoamperometry data example.

2.6  Repeatability

Multiple experimentasamples and measurements preferred to improve the precision
and accuracy of experimental resuli®wever due to the time&onsuming nature of sample
generation and method development, data in this thesis work corresponds to one sample and
measurement unless otherwise notedil&mly one sample is typically usechntrol samples
are provided for comparison, amlltiple experimental samplgseld consistent trends that
provide useful information about the underlying scientific phenoraedéhe impact of

processing on materiperformance.
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CHAPTER 3
PRODUCTION AND PURIFICATION OFANHYDROUS SODIUM SULFIDE

Based on a paper published in the Journal of Sulfur Chethistry
William H. Smith2 Jerry Birnbaunt,Colin A. Woldert

3.1 Abstract

Anhydrous sodium sulfide (N8) is a key component in sodiesnlfur batteries as well
as an important chemical reagent. However, anhydropS iNaurrently prohibitively expensive
for applications outside of research labgl purity is a concern. Herein, we compare the
properties of three forms of anhydrous,8a(i) commercially supplied, (ii) N& produced
through dehydration and purification of commercial hydrate flakesSMd-0), and (iii) NaS
formed by the reactioaf hydrogen sulfide with dissolved sodium alkoxide and recovered
through solvent evaporation. Crystallinity, purity, thermal stability, and morphology of the
various forms of Nz5 were characterized by XRD, FTIR/Raman, TGA, and SEM respectively.
Vacuum anealing of lowcost NaS hydrate at 150C produced anhydrous b& This
dehydrated material retains impurity signatures attributed to polysulfidS{Nedoxysulfur
impurities (SQ) that were also observed in commercially suppliegSNanpurity removal
typically requires hydrogen reduction at very high temperature§00C®C), but it is
demonstrated here that this can instead be accomplished at 400 °C, preventxidatitm and
following kinetics weltdescribed by a shrinking core modehe soluton-based approach
resulted in the direct synthesisarf/stallineNaS 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 ordemmadnitude lower than the current price of
anhydrous NgS.

1 Reprinted with permission dthe Journal of Sulfur Chemistry, 2022QI: 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

25



Na,SexH,0

Purified
Na,S

Synthesized

Purified “
Na,S+xH,0 M
-

2100 1600 1100 600 100
Raman Shift (cm™)

Figure 3.1Graphical abstract.

3.2 Keywords

Sodium sulfide; sodium batteries; metal sulfides

3.3 Introduction

High-purity, anhydrous N is a key material for several applicatiomduding energy
storagechemical synthesjgnd as an k6 generator in biological systenir example, N5
nanocrystals caservein high-capacitycathodedor low-cost, highenergydensity NaS
batteriess® Na:S is also a key precursor for solid state electrolytes that may enable the safe use
of a sodiurametal anodé?® Additionally, NaSis a convenient reagent for the synthesis of
specialty chemicals ranging from sulfidentaining polymers to a broad selection of metal
sulfide compound$®Lastly, N\aS has gai ned artdleamas eodSihken ar fafa|
agueous sakions, which is a crucial gasotransmitter, with potential for several medical
therapeutic applications ranging from cardiovascular to neurological diseases. The puri$ of Na
intended for therapeutic applications is crucial because polysulfide andfoxysydurities may
cause unintended biological effeétdn contrast to the earth abundance of its constituent
elementsanhydrous NS is prohibitively expensivé>$10 gb), an issue that must be addressed
to enable widespread deployment of the technologies discussed above.

The high cost of anhydrous p&areflects the difficulty to synthesiznd purifythis key
material. Anhydrous N& is produced primarily through two routés:

NaySO, +2 ©F NaS+2 ©, 3.1

NaS A0S Na,s  H,09 3.2
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In the first route, Ng5Qs undergoes carbotheaireduction in a furnace at 949000 °C,
which is time and energyintensive, and directly emits carbon dioxide. The second route is
preferred for applications where high purity is crucial and consists of three steps. kBibsis Na
dissolved in water toofm a supersaturated solution. SecondS\& 9CHs recrystallized from
the solution at relatively high puritg.Q.98%).The recrystallization process is expensive and
time-consuming, and results in a hydrate that only consists of 32 wi% Nast, the
nonahydrate is heated to elevated temperafer@80 °C)to drive off waterand induce
crystallization. Therefore, there is a need for economically viable and inherently scalable
methods of producing higpurity anhydrous N£s.

A low-grade form of NS isalso produced as a byproduct of several industrial processes,
including caustic scrubbing of natural gas and processing of seffidi&ining ores like Ba%.
This T#ftechni8iadommeccially availabte fat lol aost (~$0.50" ky bulk
quantities), but in the form of a hydrate ¢Sald,0, x~3) that contains ~40 wt% water. Its
characteristic yellow color reflects the presence of polysulfide impuritie$S{N#& addition to
polysulfides, this Ng5 hydrate containsignificantconcentrations abxysulfur impurities
(NaSQOy) such as sodium sulfate, sulfite, thiosulfate, and hylfitss The hydrate also typically
contains a high concentration of sodium hydrosulfide (NaBS}kuch, this grade of Na finds
use in applications where purity and moisture content is not of concern, such as in the Kraft
process in the pulping industoy as a bleaching agentine manufacture déextiles orrubber.
Efficient purification of this lowgrade form of N5 would bean economically attractive route
to anhydrous Ngs for the applications listed above.

Alternatively, we have developedsalutionbased approach based on green chemistry for
the synthesis of alkali metal sulfide 6 NaS) nanocrystals (NCs§.Reactive precipitation of
anhydrous sulfide NCs was achieved through adtep process where an alkoxide precursor is
first prepared by complexing the alkali metal with alcohol, which also liberateslmlgamg
hydrogen €g.3.3). In the second stepdhindustrial waste hydrogen sulfide>&) is bubbled
through the solution resulting in NC precipitation and regeneration of the alcohol reagent (
3.4). The net reaan (eq. 3.y is the conversion of the alkali metal into a sulfide NC with co
generatiorof Hz and full abatement of the-H. Theespontaneous reactions proceed to

completion with an atom economy approaching unity at ambient temperature and pressure.
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HySg + 2MQ Wt M,SS + 2HR0 3.4
RT, 1 atm
Ms +H,Sy Wi MySg +H, g 3.5

Both anhydrous L5 and Na&S were successfully produced, and we developed a novel 4
phase bubble column for conducting reactive precipitation in a scalable f&SRienipitation is
induced by the presence of asavent, and NC size and morphology could beimaated
using various alcohol/solvent combinatidAsiowever, with reactive precipitation the minimum
crystal size achieved was ~100 nm, and while electrochemical performance was improved over
commercial L#S, it was still far short of theoretical capacity. In the case 8 hie overcame
this issue by elinmating the cesolvent that induced precipitation, allowing theS_producedo
remain dissolved in ethanol. NCs are recovered by evaporation and purified by a mild annealing
treatment. Using this modified solvation/evaporation approach we demonstnatexd coer NC
size (525 nm), good uniformity, and cathodes fabricated from these NCs attained theoretical
capacity (1164 mAh-4.1° Scalable approaches were developed and performance was validated
in glassy 70LiS-30P:Ss electrolytest®

In this work we demonstrate formation of anhydrousS\ay either purification of
technical gradé&laS hydrate or via direct synthesis using the ligpidise reaction between
sodium alkoxide and #$. NaS hydrate is purified by first dehydrating the material using a two
step vacuum annealing process at moderate temperatlloased byhigh-temperature reduction
in hydrogen to remove polysulfide aogysulfur impurities Process conditions are identified to
produce phaspure material, and the kinetics of the-téduction process are characterized.
Alternatively, we extend the solvation/evaporation route to produce anhydreBs Na
demonstrating that methanol is preferred to ethaadhe complexing agermk complementary
suite of characterization techniques (XRD, TGA, FTIR, Raman, and SEM) was employed to
characterize the purity and morphology ob8lg@roduced througthese processes, which are
shown to compare favorably to commercially obtained anhydropfS. Rmally, a basic cost
analysis is performed indicating that either route requires materials costs one to two orders of

magnitude lower than commercial anhydrous®Na
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3.4  Experimental
3.4.1 Purification of Na2S ¥H20.
Sodium sulfide hydrate (N&h) flakes (60%, Sigmaldrich) were balmilled using a
SPEX Mixer/Mill 8000Mequipped with Zr@ballsfor 5 minutes to reduce the particle size. The
asmilled material was sieved through a #50 mesh to exclude particles over 300gmilled
and sievedNaS-h was dehydrated by heating under reduced pressure (~150 mbar) in a vacuum
oven.100 gof NaS-h powder was spread in a thin layer (~0.15 ¢f)con an evaporating tray
and placed in the preheated oven at 70 °C and left under vacuumXérilZ hetemperature
was then increased to 150 °C at a rate of ~1 °Clwimdl left for an additional 26 h. The
furnace was then cooled down at the same rate to 78pi@oximately60 gof dehydrated Nsb5
(NaS-d) wasrecovered anglaced inan argon filledglove box for further handling and storage.
Impurities were removed from the dehydrated material by reacting with a flowing
mixture of 5% H in Ar (General Air, 99.99% at elevated temperatures. The reaction was
conducted by placing 2 g B&d in a customtainlesssteel 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 thélo/Ar mixture. The material was retained in the reactor by use of two stainless
steel Swagelok fier gaskets (pore size = 20 um) placed at the inlet and exhaust of the reactor.
The pressure in the reactor was typically 650 teatmospheric pressure in Golden, Cand
the composition of the gas effluent was monitored with alinenquadrupole maspectrometer
(Stanford Research Systems RGA200). The effect of temperature was first investigated by
introducing the Hgas mixture to a preheated reactor and monitoring the gas effluent for signs of
H2 consumption in the range from 2600 °C for a time ©2 h. To distinguish the effects of
temperature and Heduction, similar experiments were conducted by heating 28 dander
vacuum in a horizontal tube furnace. Once the optimum temperature of 400 °C was established,
the kinetics of the Hreductio at this temperature were explored by monitoring the-time
evolution of the effluent gas compositidn each case, the recovery of-t¢duced Nz5 (NaS-

r) from the reactor was over 95% based on the initial #oagBng of NaS-d.

3.4.2 Solution-BasedSynthesis of Anhydrous NaS.
Sodiumsulfidewas synthesized using a procedure analogous to that previously reported

for Li2S 8 First, a sodium alkoxide precursor solution was prepared by reacting sodium metal
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(1.8 g,SigmaAldrich, ACS reagent) with either ethanol (EtOH, SigAidrich, anhydrous,

299.5%) or methanol (MeOH, Signr#ddrich, anhydous, 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. Therpcursor solution was then loaded into a 20 mm diameter bubble column
reactor (described previoudy under Ar, and was reacted with a stoichiometric or-near
stoichiometric amount of a 10%8/Ar gas mixture (Matheson) at a rate of 500 sccm
(superficial velocity, u = 2.7 cm%. The resulting homogeneous product soluio® 3 5) was L
then retreved 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 prodie0.88 g, NaS-s) was then reovered and

stored under dry Ar in a glove box

3.4.3 Materials Characterization.

Commercial samples of technical grade$l&om Alfa Aesar were ground in mortar and
pestle before characterization to reduce particle size and homogenize the mixture.
Thernmogravimetric analysis (TGA) was performed by loading approximately 10 mg of sample
into an AbOz 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 rhin prevent melting of hydrate phasi-ray
di ffraction (XRD) was maydiffractoneettr witnCu K rad®alian| i p s
(= 0.15405 nm) between 10 and 70° at a scan rate of 5% 18&Emples were prepared on a
glassslide with a piece of Scotch Magic Tape covering the material to prevent undesired
reactiors with ambient moisture. The contribution from the quartz slidehaagground
subtracted with a polynomial fit. Fouriansform infrared spectroscopy (FTIR) weesformed
with a Nicolet Summit FTIRpectrometer 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 mWra32ser. 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)-&0 °C. Field enission scanning electron microscopy (FESEM)

images were taken on a JEOL JSBOOF FESEM instrument with an accelerating voltage of 5
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kV. Patrticle size was measured with dynamic light scattering (DLS) of a freshly prepared
suspension of N& in N-methyl2-pyrrolidone (NMP) with a ZetaPALS (Brookhaven

Instruments).

3.5 Results & Discussion
3.5.1 Purification of Na2S ¥H20.

The aspurchased N& hydrate consists of dense flakes ranging fror2Qfn across
with a bright yellow color. The milling and sievinggeess implemented herein resulted in a
homogeneous, frelowing powder with a palgellow color and an average patrticle size of 28
pum. (Fig. 3.2a) TGA of the asnilled hydrate results in approximately 40% mass loss from 50 to
200 °C, which is consistentith the stated composition, and the majority of mass loss occurred
below 90 °C with residual mass loss acg above 100 °C. (Fig.-b) FTIR demonstrates a
strong absorption band due teHDstretching at 3,200 cfrand a moderate peak at 1,570%cm
dueto O-H bending modes, which are attributable to the water of hydratibine strong
absorption at 820 cthhas been attributed to the bending mode of coordinated Watkee. broad
absorption band at 2,800 draorresponds to the-B stretching mode, indicating the presence of
NaHS!® FTIR also reveals the presence of other impurities includings®apecies, such as
NaSQs, NaSOs,1%2°and NaSQ; 2 indicated by the peaks at 1,130°r860 and 630 cr ard
1,430 cm', respectively(Fig. 3.2c) XRD of the milled hydrate results in a complex diffraction
pattern reflecting the multitude of hydrate phases including Ma9CHPDF 00018-1248),
NaS A 30HPDF 008018-1249), and Nz5 A 20HPDF 00040-0521) as wit as other
unidentified phasesF{g. 3.2d) Finally, Raman spectroscopy shows a doublet peak at Raman
shifts of 195 and 240 ¢t The former has been attributed to the primary3Nerystal lattice
vibrational modé! 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 intetgiof the peak at 240 ctthroughout the dehydration process, which
mirrors the attenuation of the FTIR absorbance band at 820which is attributed to the
rocking mode of coordinated watériThe Raman spectra also shows a moderate disulfide band
at 470 crmt indicating the presence of b& polysulfide speci€d and a water scattering band at
1,700 cm'.?? (Fig. 3.2e) Detailed peak assignments for FTIR and Ramanrssecipy can be
found in Tables 3.2 and 3.&spectively, 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 partiti@$he meltingpoint of NaS ».0
increases with decreasing valuexaé.g.from 49 °C forx = 9 to 98 °C fox = 524 Early
accouns of NaS A 9CHiehydratiorreporeddrying under vacuum near room temperature in the
vicinity of a desiccant for two weeks to achieve the anhydrous préduater accounts describe
the more rapid dehydration of large crystals of the nonahydrate by utilizing aestp@ {C
mint) temperature ramp to avoid melting. However, due to the large size of the crystals,
exceedingly high temperatures of 8800 °C umler vacuum were required to achieve full
dehydration-"1%26Andersson and Azoulay discovered that the water of hydration could be
completely driven off at temperatg as low as 200 °C using nonahydrate crystals with sizes
ranging from 0.51.0 mm. This later led to the invention of a low temperature;step
dehydration route by researchers at Sankyo Kasei’@dich was adapted for this work by
heating the milled hydrate undeacuum at 70 °C then 150 °C.

Figure3.2b-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 afQand finally tathe elimination ot olatile
content after heating at 150 °ETIR reflects this systematic decrease in moisture content via
attenuation of the signature absorption peaks of the water of crystallization. In addition to
vaporization of wadr, NaHS apparently undergoes thermal decomposition froiml30 °C as
indicated by the attenuation of the stronrgl @bsorption band at 2,800 ywhich is in good
agreement with literature repoffsit is important to note however that the dehydrated material
retains NaSO, impurities.After heatingto 70 °C, XRD undergoes a dramatic change from the
complex hydrate diffraction pattern to one nearly identical to the expected powder pattern of
anhydrousubic NaS (cNaS). However, there is also a signature peak attributed to the
orthorhombic phase of M& (0N&S), which has previously been reported to form during the
thermal dehydration of the pentahydret®RD also detects the presence of some unidentifiable
impurity phases not associated witther cN&S or oN&S. In the Raman spectra, the
sequential heating steps result in the attenuation of the water scattering band at £, 7l0fecm
dehydration is also reflected in the simultaneous attenuation of thecwatelinated N£5 band
andgrowth of the anhydrous M& 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 ohkia NaS?* while

pure NaS ispure white ThedehydratedNaS maintains a palgellow color indicating likely
contamination from N&, and NaSs.?! (Fig. 3.2a) 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 pfiles.

Mill & Sieve A "
- 70-150°C
150 mbar
Particle size < 300 ym Anhydrous Na,S

c)

1.1 , 100 }
s, LGl 150 °C W‘
1.0 _ . N \ kf\ YV ¢
. LS AR TR 21 i
S 0.9 @ * \J
S o /
© G
r 0.8 £ 751 f \ / *
» =
8 7] ® * v ATR-FTIR
= Hydrate "_.E * WO A —— Hydrate
2 o
0.6 A NaHs 70 C
5 ¢ Na,SO, — 150°C
055 100 150 200 4600 3000 2000 1000
° -1
d) Temperature (°C) e) Wavenumber (cm )
L « 0-Na,S v Unknown Raman Na,S
Nazsx | ]
~ | : 180°G| .= X
=1 h v A X A A S
s | G | 150°C _// 5 |
> ) >
B o, i i *
G l 8 * H,0 ‘
2 2 l70°c 2
= Hydrat k=
MMMWWJJ‘LHC Mwm
| c-Na2IS PDF 09-023-0441 Hydratg’r\\\ P g
10 20 30 40 50 60 70 2100 1600 1100 600 100

26 (°) Raman Shift (cm_1)

Figure3.2 Dehydration of commercial N& hydrate flakes (60%, Sigr#ddrich). Photograph
summary of the dehydration process (a). TGA (b), ARR (c), XRD (d), and Raman
spectroscopy (e) of milled M& hydrate before treatment, afteyating at 70 °C under vacuum,
and after subsequently heating at 150 °C under vacuum.

33



For applications requiring higpurity N&S, the dehydrated N& (N&S-d) can be
reduced under flowing rat elevated temperatures to remdia@SO; and NaS,impurities.In
previous studies, this process was conducted at temperatures ranging fr8@0 7@3®2°In
this study however, it was found that the processacainshoulde carried out at much lower
temperature. N&-d was reactednder flowing5% H/Ar in a packeebed reactor at
temperatures between 200 and 500 °C, and thradte fraction in the effluent over time was
monitored with oAine mass spectrometryrif. 3.3a) At 200 °C no H consumption is
detected, and the color of the material ishanged. However, at 300 °C a small amountotH
consumed as evidenced by a brief decrease in the effluent concentration and a lightening of the
mat erial 6s color. This may be explained by re
polysulfides. At 400C, however, there is a sustained decrease in the effluamndentration
indicating ongoing reduction of the material beyond a surface layer, and the material recovered
from the reactor exhibits an effhite color. At 500 °Cinitially there is significat consumption
of Hy, but it could not be sustained due to sintering of thesSd@wder. In addition, the color of
the NaS was changed to red indicating further aoxalation of the polysulfide species.

Figure3.3b-d compareghe evolution of XRD, FTIR, and Raman over increasing
temperatures under both 5%/Ar and vacuum to distinguish between the effects of temperature
and reaction with H XRD shows that temperature alone has little effect on the crystal structure
of the maerial or its crystalline impurities. Little change is detected for the material treated under
H> at 200°C, but there is evidence for the formation of crystalline polysulfide species (most
likely NaxSs),2* which could indicate reaction between the existing polysulfides andtt300
°C and above, however, all crystalline impurities are removed to below the detection limit, and
there is an apparent rearrangement of tiistal structure from partially orthorhombic to fully
cubic. FTIR shows that there is no significant impact of temperatuag80, impurities until
500 °C, at which point there is clear decomposition of both forms of impurities. Under flowing
H> there isa 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 £3 Biad NaSc making them hard to
distinguish from the background, indicating possible melting of the crystalline lattice. Annealing
under H, however, shows a systematic reduction in the relative amount of polysulfide impurities

with increasing temperature up to 400 AT 500 °C the characteristic anhydrous8l&aman
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signature peak is considerably broadened and shifted, indicating partial decomposition of the

desired phase.
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Figure3.30n-line mass spectrometry of gas effluent from aNd, packedbed reactor at
different bed temperatures. The dashed line at 0.05 represents the mole fractiontb&hhlet
gas.(a) Evolution of XRD (b), FTIR (g and Raman spectroscom) &fter dehydration (150 °C)
and subsequent heating (200/300/400/500 °C) under vacuupttar H  K-erghorhodbie
NaS,& 1 unknown crystalline impurityDzNaSO«v i br at i o i HaS polygsdfees, Y
" T NaS

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

the reactor to 400 °C and holding for 7 h while monitoring thenblle fraction in the reactor
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effluent with online mass spectrometryi. 3.4a) This data was used to calculate
instantaneus rates of Hiconsumption within the reactor, which yields cumulative H
consumption upon integratiorfig. 3.4b) The evolution of this cumulativeoldonsumption (or
fractional reduction) over time resembles a classicdirstd er pr ocsempewot h no 0
behavior, indicating that intraparticle mass transfer is thdimaiéng step in the reaction
mechanisnt’ A heterogeneous, shrinkirmpre kinetic model with a pseudteadystate
approximation as described by Froment & alas fit to the fractional reduction curve. This
model captures the observieehavioremarkably well, considering it assumes a uniform particle
size. A more detailed discussion of the reaction model and fitting procedure is included in the
Supporting Informtion. This model suggests that the requireddduction time could be further
reduced by increasing the Hartial pressure and/or reducing the particle size. The-gad
purification route is easily scalaBlend has been extendedpurify 30 g batches of dehydrated
NapS.

Complementary experiments were performed in which the process was stopped
prematurely at specified percemrgduction levels (40 and 80%) to characterize theSNath
increasing extent of reaction. As shown inDXRonly a brief anneal underh required to
remove crystalline impurities and for rearrangement into the cubic crystal structure, after which
no change can be detectdeig( 3.4c) FTIR, however, reveals a more monotonic reduction of
NaSO, impuritieswith increasing extent of reactiorkig. 3.4d) 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'after only 40% reductionF{g. 3.4€) This
polysulfide removal is reflected in the color of thee8Slas shown in the insetsfiy. 3.4b - the
NaS undergoes a dramatic color change from pale yellow to amhité after 40% reduction,
and after 100% reduction the #$ais nearly purevhite.
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Figure3.4On-line mass spectrometry of gas effluent from aNd, packedbed reactor over
time with the corresponding bed temperature (a); cumulatvahisumption in the same reactor
as a function of time with corghell model fit and photraphs of NgS at varying degrees of
reduction (b); XRD (c), FTIR (d), and Raman spectroscopy (e) g l[davarying degrees of
reductionK e y -orthrhombieNaS,& 1 unknown crystalline impuritypz NapSOx
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3.5.2 Solution-Based Synthesis of Anhydrous N&.

The solutiorbasedsynthesis in ethanol wésund to bevery sensitive to the
stoichiometry of HS/NaOEt. XRD data for synthesizedJdSan EtOH with different (S
amounts are shown Fig. 3.5a-c. When an exact stoichiometric ratio of3ANaOEt was
supplied to the reactor, a NaHS impurity was detected in the recoves8dpdasibly due to a
small amount of solution loss when transferring the solution into the bubble column. VWhen 92
of the stoichiometric amount of2H was used, unreacted NaOEt was detected in the recovered
NaS. At 95% of the stoichiometric amount ofFithere was no NaOEt or NaHS detected in the
final N&S. In additionsubstoichiometric amoustof H>S alsolead to goreferential orientation
in the recovered crystalbat was distinct fronthe NaS XRD powder pattern. When methanol

was used as the solvent for the soluti@sed synthesis the sensitivity to changes in
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stoichiometry were ngiresentUsing metlanol, the delivery of atoichiometric amount of ¥
to the reactor resulted in the expectedINpowder pattern with no impuritigsesent and a

significantly reduced backgroun(Fig. 3.5d)
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Figure3.5XRD of synthesized N& recovered from ethanoyldrying at 100 °C (&) after

reaction with 92, 95, and 100% of the stoichiometric amount8f Hespectively, and of
synthesized N recovered from methanol by drying at 100 °C after reaction with 100% of the
stoichiometric amount of ¥ (d).

3.5.3 Comparison with Commercial Anhydrous Na:S.

Anhydrous N&S produced from dehydration and téductionof technical grade hydrate
as well as thenethanolbasedsynthesis were compared directly to commercial anhydropS Na
purchased fromboth SigmaAldrich andAlfa Aesar using TGA, FTIR, XRD, and Raman
spectroscopy.Hig. 3.9 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 lesof ~1.5 wt%and te synthesized N8 loses a small (~0.5 wt%) amount of
mass below 70 °Clhe mass loss experienced by the synthesized masesititibuted to
evaporation of a surface layer of moisture that is adsorbed while loading the sample Ao th
blanketed furnace for TGA. Drying the synthesized\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 thisninor 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, WOk species in FTIR, and polysulfides in Raman. Both
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commercial samples of Ma were phaspure with respect to XRD but retainggbical NapSO«
impurities albeit in much lower concentratiotisan the dehydrated material. However, FTIR
shows the presence @sidual HO contenin the Sigma Aldrich Ng&& andRaman shows that
containsappreciablgolysulfide impuritiesconsistent with itpaleyellow color.The Alfa Aesar
material, on the other hand, possessed nearly undetectable levels of polysulfide species in
Raman, but a significant amount of48&y asindicated by the strong IR absorption in thes50
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
water3! They found similar polysulfide levels of (0i10.6%) 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 variabilighlighting the importance of
the characterization methods described herein for applications where the impurity profile is a
concern.

Hydrogen reduction at 400°C and the solution synthesize8 8laplayed the highest
purity. Both were pha$@ure with repect 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 lmw intensity absorptiosignaturegrom oysulfurgroups
and aguably the solution synthesized 48avas superior to the>Heduced

The variation in microstructure among the different®aamples washaracterized
using SEM Fig. 3.7) along with their respective photographs to provide context of color and
macroscopic texture€ommercial and dehydratétkeS displayed similar morphologies
consising of polydispersenoduleswith little surface roughness or miefeaturesHowever, the
dehydrated\aS undergoes dramatic structural rearrangerhdaring hydrogen reduction. The
smaller particles from the dehydrated material appear to coalesce during reduiction to
somewhat larger, more uniforparticles with a highly porous skeletal sttwre. In contrast to
the other formsthe solutionsynthesizedNaS possessa very fine microstructure with small,
monodisperse particlesontheorderdf ® e m i n di ameter. Both the s
uniformly small particle size aeduced ad synthesizetllaS, respectively, could have
important impacts on reactivity owing to their higher specific surface area. The small particle
size, monodisperse nature, and high purity afNacould make it especially relevant to

emerging applications ienergy storage, such as higéypacity NaS cathode materials or as a
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precursor to N£5-based soliestate electrolytes, the synthesis of which would presumably
benefit from smaller particle size and higher surface area of t#& mdagent. Lower
magnificaton images, and images of theragled NaS-h are provided in thBupporting

Information.(Fig. 3.9)
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Figure3.6 Comparison using TGA (a), FTIR (b), XRD (c), and Raman spectroscopy (d) of the
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Finally, the potentiamaterial cost of the described methods oifNpreparation and
purification are compared to the current cost of anhydrouS.Nidhough pricing of research
grade materials is not always directly relevant to prices at bulk scales, in this case the low

avalability of anhydrous Nz6 in bulk quantities necessitates their Usle 3.4 (Supporting
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Figure3.7 SEM of NaS from different preparation routes and corresponding photogireget):
commercial anhydrousom Sigma Aldrich(a); dehydrated (b); Hreduced (c); and synthesized
(methanol system) (d).

Information)provides a summary of reagent costs. Solid reagent pricing was retrieved
from the SigmaAldrich website for reagerdrade chemicals (accessed October 2020), while
gaseous reagent prices arpital for industrial use. The cost to produce$l& 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 costSyMd§r
for N&S-d, NaS-r, and NaS-s arederived from the stated reagent costs and shemwn in
comparison tawo commercial forms of anhydrous 2 Sigma Aldrich and Alfa Aesdrin
Fig. 3.8 revealing that dehydration and purification obSka and the liquidphase 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 expgaghan thedchnical grade hydrate. Table 3.4
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(Supporting Informationyhows pricing of research grade materials. Both technical gragieé Na
hydrate and Na metal are widely available commodity chemicals at pricing two orders of
magnitude below the valusbkown in Table 3.4, suggesting that at scale anhydroi® Na
produced through either method would be a very low &osally, Table3.1 provides a

summary of the different samples ofdSanvestigated in this work.
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Figure3.8 Materials cost comparisasf different NaS gradest labscale

3.6  Conclusions

Two methods to prepare anhydrous8laf high purity have been described in this work.
First, low-cost NaS hydrate was dehydrataddthen purified under flowing H It was found
that optimal reduabn occurred at T = 400 °C, significantly lower than previous reports, through
a diffusion limited process that was well described by a shrinking core mMdwakduction
process produceal unique skeletal microstructu®econd, Ng5 was formed via redoh of HS
gas with a dissolved sodium alkoxide and recovered by solvent evaporation at moderate
temperatures with no further purificatidiethanolrobustly produced phagmire NaS with a
narrow particle size distribution, whereas in ethanol minor stmeéiry variations resulted in
impurity phases.

The purity of naterial produced from both routes were compaoedvo commercial
forms of NaS anhydrideAll four materials were indistinguishable by XRD, but vibrational
spectroscopies proved to be moressive diagnostics. Commercial pfacontained appreciable

polysulfide (Raman) and N&C (FTIR) impurities. Polysulfide signatures were eliminated and
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NaSOx signals greatly attenuated in both synthesis methods presented, with the dxs&dn
synthesis perhaps being slightly superior. Color is a sensitive andffaxgtve diagnostic, with
pure white being the hallmark of phase pure, impurity fres£SNBoth solution synthesis and the
hydrate reduction processes are readily scalaibhematerials costs one and two orders of

magnitude lower than the price of commercially availablgS\Neespectively.

Table 3.1Summary of NgS samples investigated in thirk

Source Form/Color TGA XRD FTIR Raman Materials
Mass Loss Crystalline  Impurities Impurities Cost Estimate
(wt%) Phases ($ g-NaS)
Sigma Granular/Powder ND* c-NaS H-O (trace) NapS, 10.2
Aldrich Pale Yellow NaHS (trace)
(97-103%) NaSO, (trace)
NaSGC; (trace)
NaSQ; (trace)
Alfa Aesar  Large Chunks 1.5 c-NaS NaSOy Na:S, (trace) 7.2
(>95%) Yellow surface NaSG;s (trace)
coating,off-

white interior

NaS #1,0 Large Flakes 385 NaSA9H H,0 NapS, 0.1
Sigma Yellow-Orange NaS A 5.0H NaHS H.O
(>60% NaS A 20H NaSO,
N&S) Various N&S0;
unidentified NaSO,
Dehydrated Powder ND c-NaS H.O (trace) NapS« 0.1
NaS¥o  Yellow o-NaS NaHS (trace)
Trace NaSOx (trace)
Unidentified Na&SO;
NaSO;
H.-Reduced Powder ND c¢c-NaS NaSQ (trace) ND 0.1
Pure white NaSG;s (trace)
NaSQ; (trace)
Synthesized Fine Powder 0.5 cNa&S NaSO; (trace) ND 1.2
(MeOH) Pure white

*ND = Not Detected
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3.8  Supporting Information

Spectroscopic peak assignments, additional SEM imagetuding lower
magnifications and milled N& hydrateé lab-scale reagent cost summary, and shrinidoge
reaction model details.

Table 3.2FTIR Peak Assignmés

Wavenumber Vibrational Mode Chemical Identity References
(cmt)
3,200 H20 Stretch H20 o
2,800 H-S Stretch NaHS 18
1,570 H20 Bending H20 17
1,430 SQ?* Asymmetric Stretch ~ NaSQ 20
1,130 SQ* Symmetric Stretch NapSQu 20
960 SOs> Symmetric Stretch NaSOs 20
820 Coordinated HO Bending H20 17
630 SOs* Bending NapSOs 20

Table 3.3RamanPeak Assignments

Raman Shift Vibrational Mode Chemical Identity References
(cm)
1,700 H-O Bending H20 1
470 SIS Stretch NapS:/NaoSs 2
240 Water Coordinated N& NaS
Lattice Vibration
195 NasS Lattice Vibration NaS 21
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a) Cdmmercial Anhydrous b) Hydrate (milled 1,000X)

SEM 5.0k X1,000 WD 10.0mm )um SEM

rz#}é (‘mﬁletf 5 OOOX)

B Id

X1.000 WD 10.0mm m 3 SEM 5 50kV X1.000 WD 10.0mm _ 10zm

Figure3.9 Lower magnification SEM images of b from different preparation routes:
commercial anhydrous (a),-aslled hydrate at 1,000X (b) and 5,000X (oagnifications,
dehydrated (d), Hreduced (e), and synthesized (methanol system) (f).
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Table3.4Prices of NaS reagents
Quantity Price Unit Price.  Molar Mass  Unit Price

Chemical (9) $) $gh (g mor?) ($ mor?)
NaS Anhydride

(Sigma Aldrich) 50 512.00 10.24 78.04 799.13
NaS Anhydride

(Alfa Aesar) 100 723.00 7.23 78.04 564.23
NaS Hydrate (6096) 1000 66.00 0.07 54.02 3.57

H2° 1000 350  0.00 2.02 0.01

Na Metaf 50 $98.30 1.97 22.99 45.20
H,S 1000 $2.00 0.00 34.10 0.07

aSigmaAldrich pricing
PEstimates

3.8.1 Shrinking-Core ReactionModel Detalils.

The chemical basis of the hydrogesduction purification process is the reaction ef H
gas with oxidized impurities in the anhydrous:8lancluding polysulfides (N&x) and oxysulfur
compounds (N£5Q,). The chemical reactions underlying this process are:

H,g + a8, s Y &Ss +H,S;09; x> 1 3.6
x1H, g +NaS s Y NaSs + x1H,Sg; x>1 3.7
xH, g +Na,S Qs Y NaSs +xH,0g N 2 o4 3.8

The kinetics of the hydrogemreduction reaction at 400 °C were modeled using a single
heterogeneous ga&®lid reaction controlled by gas diffusion through a shrinking unreacted core
with a pseudesteadystate approximation, assuming a uniform particle afZ28 um. The
external film mass transfer and gadid reaction are assumed to be much faster than internal gas
diffusioni an assumption that is wedlipported by the firstrder nature of the fractional
reduction curve: A lack of-shaped behavior isharacteristic of a large Thiele Modulus

(G ' :'Rp %t\or zeroorder gassolid reaction kinetics in a spherical particle) indicating the

process is internaliffusion-limited.
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For an internatiffusion-limited gassolid reaction, the time), required ¢ achieve

fractional conversiony is given by the following relatiors:

2 3
aC. o 1 r 1 r
t:i_so_l__c I I 3.9
CoDer, 2 R, 30 R,
t 3
SR 3.10
_ .
~ 0 nsz t Rp

The experimental Hflowrate 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 appane@ise of Hflow 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 incsease in H
concentration is explained by telwer pumping speed of:ielative to Ar during this pressure

fluctuation. Because it is difficult and tirewnsuming to extract valuesrfa, Cs gandDe,,

these values were instead lumped into a single fit parandetéth a bestfit value of

B="2 = 51 bv%—ﬁ—;f
id

0]
eHo ms o
The coefficient of determinatiof?, was calculated according to the following equations,

and the best fit value was found tolfe @@ @

R2:1$es
S o o P
2
S s Y 3.12
i
2
S e VY 3.13
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Li sSymbol s
Letters

a Number ofmolesof H> reactingwith 1 mole
of solid reactant

B Lumped fit parameter =—
Concentration of Hin gas phase
Cs o Initial concentration of the soliceactant

Dey, Effective diffusivity of H in the solid

Fitted/Modelpredicted value
Reaction rate constant

= _—h

Molar rate of H consumption

-}
I
N

Coefficient of determination
Radius ofunreacted core
Particle radius

Solid reactant

Sum of squares of residuals
Total sum of squares

Reaction time

Fractional conversion/reduction
Mean value of observed data
Value of observed data

o o
- 0w

_‘_<‘<><"*ﬁ:;_&(f)_{;u:;[2J

GreekSymbols

) Skeletal ®lid mass density

L' Thiele Moduludor zeroorder gassolid
reaction kinetics in a spherical particle
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CHAPTER 4
ARGYRODITE SUPERIONIC CONDUCTORS FABRICATED FROM METAIESIS
DERIVED LI2S

Based on a paper published in ACS Applied Energy Matérials
William H. Smith? Saeed Ahmadi Vaselabatiolin A. Woldert

4.1  Abstract

Lithium sulfide (LkS) is both a higitapacity cathode and the critical component in
sulfide-based lithiumrion solidstate electrolytes. Conventionally produced by carbothermal or
H>S reduction, its high cost constrains development of thegenération batteries that employ
it. Here, we introduce production of2S though roortemperature metathaesusing LiCl and
technical grade N& .0 that was either dehydrated or further purified through hydrogen
reduction. LiPSCI argyrodites derived from metathesisS.idisplay high ionic conductivity (>4
mS cm! at RT), exceeding that of the commerciald.control. Metathesis offers an economical

and energy efficient route for the scalable production of this critical material.

Net Reaction:
2LiCI(SO/n) o Nazs(som) — 2NaC|(s) + Lizs(som)

' NaZS(so/n)

LiCl(som)

NaCl(s) 2 LiZS(SOIn)

Figure 4.1Graphical abstract.

4.2  Keywords
Lithium sulfide,argyrodite, solid electrolyte, metathesis, synthesis

1 Reprinted with permission &CS Applied Energy Materials, 202ROI: 10.102¥acsaem.2c0044Zopyright
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 on batteries (LIBs) wused in toda:
approaching their physicochemical limit for energy density, which is constraining their wider
adoption due to both range and cost considerafidteplacement of conventional liquid
electrolytes with thin solidstate counterparts is key to enhancing the specific energy density of
nextgeneration batteries while simultaneously reducing flammability conéévhssolid-state
lithium-ion batteries (ASSLIBs) could employ conventional electrodes (graphite/metal oxides) or
be paired with anodes (Li, 8for cathodes (S, b$) that offer higher capacity.

Candida¢ SSEs include polymers, oxides, and sulbdsed inorganic glasses and
ceramics. Among these, the latter offer favorable properties including superior ionic
conductivity’ and ductility, whit allows for the effective formation of electrolysectrode
interfaces. Among the most promising sulfide SSEs are th&E:Ss (LPS) glasses and
ceramics (i.eLi7PsS11), Li10GePS12 (LGPS) and its analogues, anid-yPSyXy (X = Cl, Br, |)
argyrodites. Chloride argyrodites (kPSCI) in particular are favored due to their combination
of high i onizxcatDmScut)? favorabletsynthésié and processing metfods,
lack of expensive materials like Ge@nd the selpassivating nature of its interfacés.

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$l)i Laboratory quarttes of LS retalil
for >$10,000/kg and at scale the price remains ~$1,000/kg, which is not competitive with current
LIB technology. The high cost of £$ reflects the unfavorable methods used to synthesize it,
summarized in Table 4.Lithium metal can beeacted with elemental sulfur op$l As recently
reported, the elemental reaction can be conducted at ~90 é€ahytdrofurar{THF) with an
electron transfer catalyst such as naphthaléAéernatively, lithium can be converted to an
intermediate alkoxide solution, then reacted witls lgas at ambient temperaturés® Fast
kinetics coupled with favorable thermodynamics ensure camploatement of the hazardous
waste gas and concomitant recovery of thedhtained therein. These methods may be
preferred at lab scale due to their simplicity, but lesgale production is unfavorable due to the
high cost of lithium metal relative tmore common lithium salts. Furthermore, this process
required purified HS 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 oflithium 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 70000 °C® Due to the energy intensity and reaction
stoichiometry, carbothermal reduction is the most-@@ensive synthesis route.ldOs and

LiOH may also be reduced with.8 at elevied temperature’d:'® Drawbacks of these
approaches, however, are relatively slow sghd reactin kinetics and the highly corrosive
nature of resulting mixtures of unreactegbtand steam. These high temperature methods also
produce LiS in bulk form, often requiring additional purification and processing such as ball
milling to deliver powders witllesired morphology. An alternative approach employs alcohol
extraction and subsequent distillation/anneatthg.

A common reaction method for synthesizing transition metal sulfides is the metathesis
or counterion exchangé reaction, but the apgiation of this method to the synthesis ofS.i
has not yet been reported in the literature. Here, we describe the development of a reaction
scheme in which lithium chloride reacts witla,S in an alcohol solution. Reactive precipitation
of NaCl provides faorable energetics and facilitates separation of the two products due to the
high solubility of LgS in alcohols relative to NaCl. TheoBi is recovered via solvent evaporation
and purified by annealing at 300 °C under flowing ardgogures4.2-a and4.2-b provide a flow
diagram of the metathesis process and image of the fisg@lproduct, respectively.

Anhydrous NaS, like its lithium counterpart, is currently prohibitively expensive. Instead
we employ lowcost, technical grade ha hydratelakes (~$0.5/kg at scale) that are purified in
house using a twetep procedure detailed previoushA low temperatur@anneal removes
bound water and a hydrogen reduction step removes residual polysulfide and oxysulfur
impurities, resulting in anhydrous pP&apowders with superior purity to commercially available
material. Both dehydrated and fully reduced®lavere used ahcompared. The metathesis
reaction was conducted by adding a retarchiometric quantity of purified N& reagent
directly to an LiCl solution with stirring. Upon addition of #aa white suspension rapidly
forms due to NaCl precipitation. Next, the NaGlids 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 4.5 areprovided in the Supporting

Information.
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Table4.1 Attributes of the alternative b$ synthesis methods

Lithium Cost Reaction ProcesSemp@ Energy GHG Safety/

Source (USD kg Li) (°C) (MJ kgl Li2S) (kg CO:kgllLi.S) Hazars
2Li+S 1 LisS 90 11.6 0.59 Li, THF

Li .
2Li+HS u LiS+H 20/300 Li, H2S

Li2SO: [31.0 Li2SQu+ 2CO LisS + 2CQ HI T

Li2COs §26:8 Li2COs + HeSO Li2S + CQ + H0

LIOH B 2LiOH + H;SO LizS + HO 2L

LiCl 525 DLiCl + NaS 11 LinS + 2Nac|  20/300 22.2 1.11 N/A

2 Reference'$212?

b Reaction/annealing (if needed)

¢ Includes precursor formation (electrolysis, dehydration)/reaction/solvent evaporation (if n&miedipbles 4-2.7 for a detailed summary.

4 Direct CQ evolution +0.05 kg CeMJ* (carbon intensity of natural gas)
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The powder recovereddm the evaporation step appears dry but retains 40 wt% solvent
(Fig. 4.2d), 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$he Li
identified as carbon deposits by observation of carbon D/G bands in Raman spectrésgopy. (
4.6) Therefore, the kS samples were annealed in a fluidikbedl confguration (Fig. 4.11) to
minimize transport limitations, and the annealing temperature was limited to 300 °C or below.
TGA (Fig. 4.2d) shows that a 250 °C anneal for 12 h reduces the solvent content to ~4 wt%, and
a further anneal at 300 °C for 12 h isuigd to completely remove the solvent. Solvent removal
throughout annealing is accompanied with an increase in crystallite size as evidenced by the peak
broadening exhibited in XRD (Fig. 48). A Scherrer equation estimate indicates crystallites
smallerthan 10 nm in the asvaporated material and ~18 nm in the 250 °C annealed material,
while the 300 °C annealed material exhibits sharp diffraction peaks consistent with much larger
particle sizes. These nanocrystals can be observed in SEM as consistingftdkes with
thicknesses on the order of 100 nm, which agglomerate into spherical secondary particles about
1-10 pym in diameter. (Fig. 4-2 & Fig. 4.7) In previous work, we demonstrated that this
nanoflake morphology is beneficial for applications othoLi-S cathod€e'$ and in the
mechanochemical synthesis of glassy setate electrolyte®

The LS recovered from metathesis is of high purity, but residual impurities not present
in commercial material were detected with XRD and TGA. Figuredn3pares the properties of
metathesis LS relative to a commercial standard as a function egNaurce (dehydrated or
fully reduced) and the N&:LiCl stoichiometry. Using fully reduced B(&XRD revealed the
presence of several impurity phasesQ¢l, Li>O, and L;COs, and NaCl. Conducting the same
synthesis with a slight stoichiometric excessNéL or 2 wt. %) diminished the intensity of the
LizOCI diffraction peak, while theelative intensity of the LCOz; and NaCl peaks increased.
(Fig. 4.34@) This may suggest that the presence of impurities in th8 Mmagent 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 LisOCI. We presume that O and C impurities derive from the decomposition of the dolvate

compound LiS A GGH.OH that is present in b6 recovered from ethanol solutictis
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Figure4.2a) Process flow diagram of the leemperature liquictate metathesis for the
production of LS. b) Image and c) micrograph of metathesi$Ld) TGA and €) XRD of kL5
after sequential thermal processing steps.

TGA can provide sermjuantitative information about concentrations of LiOH and
Li>CQOs, which decompose to 1@ and HO at around 600 °C andJ4d and CQ at around 800
°C, respectively! 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 absenge@f hile the
synthesized samples display a significant mass loss at 800 °C that decreases lineary8Swith Na
excess. (Fig. 4:8) However, this trend is opposite that observed in XRD, suggesting that the
mass loss at 800 °C may be attributed to additional imesiritihe decreasingddCl content
exhibited in XRD suggests that the mass loss may instead be due to thermal decomposition of
LizOCI to LiO and LiCl followed by subsequent LiCl volatilization.
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Figure4.3a, b) XRD and c, d) TGA of k& derived from Hreduced and dehydrated i1$a
respectively, along with a commerciab&isample.

The precipitate was predominantly NaCl by XRD in all cases. However, FTIR
spectroscopy revealed the presence of trace quantities®ONanpurities. Fig. 4.8) Itis
suggeted that the N&5O; species are derived from the JSaeagent 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 Naeaired to fully consume the

58



LiCl precursor due to the presence of such inert impurities. Because of this finding, it was
hypothesized that anhydrous4Sacould be used without purification via-FHeduction and
would simply require a slightly greater excéssccount for the higher concentration ob8Iax
in the dehydrated material. Aside fromJS8&x impurities, the dehydrated b used in this
study also contains sodium polysulfides, which are soluble in EtOH, and presumably participate
in themetathesis reaction similar to #a The reaction supernatant resulting from its use is
bright yellow in contrast to the colorless solution obtained wheretuced Nz6 is employed.
(Fig. 4.9 The asdried LS retains a lighyellow color, suggesting theresence of polysulfide
specie®However,ane al i ng at 250 AC converts the mater.
thermal decomposition of the polysulfides.

Figure4.3-b shows XRD of LiS samples prepared from dehydratedS\aithout H
reduction. LS synthesized from a 1 wt% excess of dehydrate® Eahibits diffraction peaks
attributed to LiOCI and NaCl along with an unidentifiable compound with a diffraction peak at
~32.0°. In TGA(Fig. 4.3d) this same sample, as well as a sample synthesized from 2 wt%
excess, exhibits an anomalous mass losstwi an onset around 200 AC, w
to any of the previously identified impurities 28i samples synthesized from excesses of
dehydrated N5 exhibit the same trends as samples synthesized fseeddced NzS: the
relative intensity of th&izOCI diffraction peaks decreased with increasingNaxcess, and the
TGA mass loss at 800 °C decreased monotonically, while the relative intensitCGgLi
diffraction peaks increased. The greater mass loss exhibited by samples derived from dehydrated
NaS without purification may suggest the retention 0@ or NaS, species, which may
decompose to N& and small gas molecules at high temperatures.

To investigate the validity of metathesis synthesize8 Lthe samples were subsequently
employed inthe synthesis of kPSCI argyrodite soliestate electrolytes. Stoichiometric
guantities of LiS, PSs, and LiCl were batmilled then annealed at 550 °C to produce crystalline
LisPSCI. Figure4.4 compares the structure and performan@gfrodite electrolytes derived
from metathesis LB relative to a commercial standard again as a function & dtaurce and
stoichiometry. LiPSCI synthesized from the commercial sample eBSLéxhibits Xray
diffraction peaks that can only be attribdite the argyrodite phase with no impurities or
unreacted precursors detected. T HCl samples prepared from metathesisSLdisplay a

number of impurity phases. All samples, regardless eENarification, exhibit LiPQ; and LiCl
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impurities, presuntaly originating in oxygenated and chlorinated species such@©4,iLi20,
and LBOCI present in the synthesized®&i In the samples derived from dehydrated3N@nd in
the sample prepared from 2 wt% excesgétiuced NgS) residual Ngb is detected. Ithe
sample prepared frompHieduced NgS, this may simply suggest that 2 wt% excess results in
unreacted NgS that remains dissolved in the supernatant fraction. In contrast, when dehydrated
NaS is used, Nsb is present even whensOCl levels were higl indicating a sub
stoichiometric quantity of N& 1 which suggests that the pis instead derived from impurities
in the NaS, which apparently can partition into the finai3.product. These impurities, such as
NaSCO and NaS, may then decompose inN&S during L§PSCI synthesis and processing.
(Fig. 4.4a,b

While phase purity is importantedormances paramountandthereforethe ionic
conductivityof the argyroditesvas measured by temperatatependent electrochemical
impedancespectroscopyThe room temperature ionic conductivity of the sample prepared from
commercial LiS was 3.34 mS ciwith an activation energy of 0.18 eV. The literature value for
the activation energy of §PSCI is reported as either ~0.35 or ~0.2%8\he cause of this
discrepancy is currently not fullynderstood, but has been attributed to variations in chemical
purity? or variations in CIS* distribution in the Li«PSxClx.?® Importantly, despite the
presence of trace impurities all of the metathidmsed argyrodites displayed nominally identical
performance to the commercial baseline. Rdempergure ionic conductivities ranged from
2.52-4.21 mS crit, and activation energies equal tofD22 eV. (Fig. 4.4,d) Room
temperature Nyquist plots are presenteBigd.10 and values for ionic conductivity and
activation energy are tabulated in Tahl8. Most of these samples exceed all previously
reported conductivity values for thésPSCI® with the exception of one report that employed
extreme fabrication pissure (1000 MPa/4.96 mS €nt° While ionic conductivity is the primary
figure of merit for these materials, the electronic conductivity is also key for maintaining low
leakage current arglippressing lithium dendrite gronthDC polarization experiments found
electronic conductivityanging from Ii 3 x 10° mS cm?, in good comparison with the

literature3!
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Figure4.4a, b) XRD and c, d) Arrhenius plots of ionic conductivity for argyrodites synthesized
with Li>S derived from highpurity and lowpurity Na&S, respectively, along with an argyrodite
synthesized from a commerciab&i sample.

The current cost of kb is a bottleneck to widespread deployment of sstidle batteries
employing sulfide based electrolyt@sable 4.1 compares the attributes of metathesis production
of Li>S with the alternatives employed to date. None of the current synthesis approaches

successfully balances low materials costs with low intensity processing afinzrenious
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conditions. Metthesis 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%*anfithereise wor | dés
substantial ongoing work to improve recovery technoloti&en at current pricing the
materials cost for metathesis are <$50 kp'S due to th negligible cost of N& and recycling
of the ethanol. The modest energy and GHG emissions are primarily associated with ethanol
vaporization. Alternatively dissolved4S could be used directly in solutimased electrolyte
synthesis methods that arergpideveloped as more scalable alternatives to ball mitifige
leading attributes of metathesis are its low temperature, fast kingtisence of safety concerns
and generation of powders with favorable morphology for subsequent processing.

In summary, this study demonstrates solut@sed synthesis of 4S via metathesis
conducted in ethanol using lesost precursors LiCl and b&3d,0. Li>S powders were
recovered via solvent evaporation followed by a mild anneal at 300 °C. Metath&sietained
residual impurities not observed in commercialLihat originate from the reagents employed
and ethanol decomposition during annealiMgvertheless, kPSCl argyrodite electrolytes
synthesized from metathesis&idemonstrated a combination of properties including high
roomtemperature ionic conductivity 8 mS cm'), low electronic conductivity (~I1®mS cm?),
and low activation engy (~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 redu&edosts more than an ordsr
magnitude, making solidtate batteries technologies employing thiSICON electrolytesost
competitive. Work is ongoing to further improve theS.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

Na:S hydrate flakes (60%, Sigmagve purified based on previously reported wdra
brief, Na&S hydrate flakes were ground in 100 g quantities with a-bkdde grinder to form a
powder, then heated under vacuum to 70 °C overnight, then again overnight at 150 °C to yield
~60 g dehydrated N&. To remove Ng&O« and NaS, impurities, the dehydrated material was
heated in 30 g quantities to 600 °C under flans®% H/Ar for 12 h in a packed bed
configuration. Commercial k& (99.9%, Alfa) was employed as a control. LiCl (99%, Sigma)
was ground and dried at 150 °C under vacuum overnight. Ethanol (EtOH, <0.3@}% H
Sigma), BSs (99%, Sigma), and Ar (99.999%, General Air) were also employed. Procedures
were conducted in an Ailled glovebox (<1 ppm ED).

Li>S Synthesis

Nominally 5 g batches of anhydrous&iwere synthesized as follows. LiCl was
dissolved in EtOH for at leasthlto form a 1.8 M precursor solution. Next, a stoichiometric or
slight excess (see text) quantity of dehydrated-erdduced Nz5 was added to the LiCl
solution with stirring. NgS can also be dissolved in a separate solution and then mixed, (as
shown inthe table of contents graphic) but this requires larger solvent volumes for the same
guantity of LS, which is costly and leaches excess NaCl into tb&. lin addition, there is some
evidence that N&, unlike LpS, undergoes alcoholysis with most aldshoeaning that
semibatch operation is preferable to favor the desired metathesis reaction over the alcoholysis
reaction®® The solution was capped and stirred overnight, then centrifuged at 4,000 rpm for 15
minutes. The supertant 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 veriticaltybe 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 LixS is typically ~80% of theoreticalé. 4 g are recovered from a nominal 5 g
synthesis). The loss of 43 is attributed to retention of ~20% of the.isolution in the NaCl
precipitate. This suggests yields approaching 100% can be achieved with optimized solvent
recovery. Methods such as solvarashing could increase the yield, but would potentially

extract additional NaCl from the precipitate. Therefore, alternative strategies to recover the
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remaining LS solution are currently being developed. The NaCl precipitate was dried under
vacuum befag being recovered and dried fully at 150 °C on a hot plate overnight inside the
glovebox.

LiePSCI Synthesis

Stoichiometric quantities of b$, LiCl, and BSs (~ 2 g in total)were ground with mortar
and pestle, then sealed in a Zigall mill jar (40 ml)with 8 Zr&, balls (10 mm diameter) with a
ZrO; ballsto-precursorsnass ratio of13/1and milled for 10 h in a high energy ball mixer
(SPEX, Mixer/Mill 8000 M).Milled sampleg200-250 mg)were then pressed into pellets under
240 MPaandthen placed in a quartz tube evacuated with dynamic va¢tiir30 torr)for
annealing in order to improve crystallinity/complete the reaction. The quartz tube was heated to
550 °C at a rate df0 °C/min ard held forl h with an electronic heating element, then allowed to
naturally cool to room temperature.

Characterization

Xray diffraction (XRD) wamydffedometer withCon a P
KU radiation (& = 0. 15as0ah rate d)minb estepseee=r0.03°)0 an d
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 contributiortieoquartz slide was
backgroundsubtratedwith a polynomial fit. Thermogravimetric analysis (TGA) was performed
by loading approximately 1ihg of sample into an AD3 pan, which was then transferred into a
TGA Q50 (TA Instrumentsyinder flowing Ar. The sample was stabilized at ambient teryrera
for 15 min therheated tB00 °C at arate of 10 °C/min and held for 60 mirouriertransform
infraredspectroscopy (FTIR) was performed with a Nicolet Summit FTIR spectrometer using an
attenuated total reflection (ATR) accessory equipped willarmond crystal. Raman
spectroscopy was conducted with a WiTec alp®@M Confocal Microscope/Raman
Spectrometer employing a 160V 532nm laser. Samples were mounted on a glass slide and
sealed under a quartz cover slip. The laser was focused througgvéreslip onto the sample
using a 20X objective, and spectra were collected using a CCD detector (Andor Technologies) at
T60AC. Field emission scanning electron micro
JSM-7000F FESEM instrument with an accelerathotfage of5 kV.
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Conductivity Measurements

Samples were ground with mortar and pestle, then abot2d®@ng was pressed into 12
mm diameterpellets in a PEEK split cell with stainless steel plungers under a uniaxial
fabrication pressure of 240 MPa ameld for 2 min. Pellets were typicallyll5 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 () 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=¢) Q., where R is the ionic resistanokthe sampleand Q and  are
constardphase elements representing gi@pacitancand blocking electrodgolarization
respectively. Norambient temperature testing was performed by heating the split cell apparatus
with an electrical heating element and allowing it to ifitabat the target temperature fabh.
The electronic current response was measured using DC polarization by applying a step voltage
of (0.5, 0.75 andl1 V DC) and running for more thahhto obtain a steady state current
measurement. Electronic rasisce was calculated from steeglf at e current accord

law.

4.4.2 Supporting Data and Figures
Table 4.2Energy breakdowr2 Li + S Y L

Processing Step Chemical Representation Enthalpy
(MJ kg? Li2S)

Hydrate Decomposition/ 2Li Cl<AH2 Qs+ BaG, 10.9
Electrolysis/ Reaction 2LIClsY 25k Cl2

2Lis+SY kS
Reaction Suspension Sensible 0.8
Heat (RT Y 90A
Total 11.6
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Table4.3Energy breakdown: 2Li +#5 Y Skt b

Processing Step

ChemicalRepresentation

Enthalpy
(MJ kg? Li2S)

Reaction/Hydrate

Decomposition/Electrolysis

2Li GOsX H?2 Lsit BoDg
2L|C|5Y 23':“ Clzg
2Lis+ HoSsY  kSk+ Hag

11.3

Solution Sensible Heat (RT 3.8

80°C)

Solution Heat of Vaporization 23.4

Li>S Annealing Sensible Heat 0.4

(RT-300°C)

Total 39.0
Table4.4Energy breakdown: kBOs+ 2 C ¥+ 2C®

Processing Step Chemical Representation Enthalpy

(MJ kg™ Li2S)

Li2SO4C Sensi bl e
860°C)

Hydrate Decompositign
Reaction

Solution Sensible Heat (RT
80°C)

Solution Heat of Vaporization
Li>S Annealing Sensible Heat
(RT-300°C)

Total

LizS()lA |ZDs Y I.ZSIO4$ + Hzog
Li2SQis+2GY  kSi+2CQyg

2.6

5.8

2.6

15.9
0.4

27.3
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Table4.5Energy breakdown: kEOz + HS Y 5SI+ICQ + H0

Processing Step Chemical Representation

Enthalpy
(MJ kg? Li2S)

LioCOs-H2S Sensible Heat (RT

1.7

600°C)

Reaction LioCOss+ HoSy Y  bSi+ COpg+ H20y 35

Total 5.1
Table4.6 Energy breakdown: 2LIOH +4$ Y 2Sl+ RHO

Processing Step Chemical Representation Enthalpy

(MJ kg™ Li2S)

LiOH-H2S Sensible Heat (RT

0.9

350 °C)
Reaction/Dehydration 2 Li OMAH 2 L §+@H0q 4.1
2LIOHs + HoSy Y kSi+ 2HOq4
Total 5.0
Table4.7 Energy breakdown: 2LiCl + N& Y 2SI+ 2NaCl
Processing Step Chemical Representation Enthalpy
(MJ kg? Li2S)
Reaction/Hydrate 2 Li HBOsX 2LiCls+ 2HOq 3.2
Decomposition NaS A67H0s Y NaSs+ 0.67H0qg

2LICls+ N&SsY  kSs+ 2NaClk
Solution Sensible Heat (RT
80°C)
Solution Heat of Vaporization
Li>S Annealing Sensible Heat
(RT-300°C)
Total

2.6

15.9
0.4

22.2
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Figure 4.9mages of a) LiCl precursor solution, b) metathesis reaction product employing fully
reduced Ng5, c) centrifuged reaction product, dyesporated LIS, and e) asannealed LiS.
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Figure 4.6lmages of metathesisdS annealed at a) 250/300 °C d&)dt00 °C. c) Raman spectra
of pictured samples.
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Figure 4.7SEM Images of the synthesized$iat a) 5,000%, b) 10,000x, and c) 15,000x
magnification.
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Figure 4.8a) XRD and b) FTIR of synthesized NaCl.
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Figure 4.99mages of metathesis conducteith dehydrated Ng5. a) Reaction suspension and b)
separated product.
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Figure 4.10Roomtemperature Nyquist plots for argyrodite samples prepared freg@ndarived
from a) highpurity and b) lowpurity N&S.
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Figure 4.11mage and schematic of the fluidized bed dryer.

Table 48 Summary of ionic conductivities and activation energies.

% Excess N8 UOrr(MScmb) Ea(eV)
Reduced Nz5

0 3.74 0.19
1 4.03 0.20
2 2.52 0.22
Dehydrated N5

1 3.53 0.20
2 3.94 0.21
3 4.21 0.21
Commercial LS

N/A 3.34 0.18
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CHAPTER 5
SYNTHESIS OF HIGHPURITY LIS NANOCRYSTALS VIA METATHESIS FOR SOLIP
STATE ELECTROLYTE APPLICATIONS

William H. Smith! Saeed Ahmadi Vaselab&dColin A. Wolder?

5.1 Abstract

Li»S is the key precursor for synthesizing thiSICON electrolytes employed in solid
state batteries. However, conventional synthesis techniques such as carbothermal reduction of
Li,Ssar endt suitabl e {fcast highpbrigy LigseMemthesis, in which Gl | o w
is reacted with N5 in ethanol, is a scalable synthesis method conducted at ambient conditions.
The NaCl byproduct is separated from the resultin® solutionand solvent is removed by
evaporation and thermal annealing. However, the annealing process reveals the presence of
oxygenated impurities in metathesis& ithat are not usually observed when recovering Li
from ethanol. In this work we investigate thederlying mechanism of impurity formation,
finding that they likely derive from the decomposition of alkoxide species that originate from the
alcoholysis of the N& reagent. With this mechanism in mind, several strategies to impr&ve Li
purity are exploré. In particular, drying the metathesis®iunder HS at low temperature was
most effective, resulting in higpurity Li>S while retaining a beneficial nanocrystal morphology
(~10 nm). Argyrodite electrolytes synthesized from this material exhibitedteediseidentical
phase purity, ionic conductivity (3.1 mS dmactivation energy (0.19 eV), and electronic
conductivity (6.440% mS cm?) as that synthesized from commercially available batjeage
Li»S.

! Primary author
2 Co-author
3 Co-author, advisor, and corresponding author
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Figure 5.1Graphical 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 lithiombatery (LIB) is the
leadingelectrochemicaénergy storage technology due to its good performance (high energy
density, good power capability, efficiency, and long lifetime) and relatively low energy cost
(~100 USD kW at the cell level}:®> However, conventional LIBs face several limitations: The
intercalation materials used in LIBs are nearing theisoghemical limit in terms of energy
density, which constrains electric vehicle range and limits the storage capacity of stationary
installations! 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 weahes.to these
limitations, complex thermal management systems are used to maintain ideal operating
temperatures, leading to ie&ses in system cost, mass, and volume.

Replacing the organic liquid electrolyte with alternatives, such as an inorganistsiéd
electrolyte (SSE), has been suggested as an elegant solution to these myriad challenges. Solid
state electrolytes have begmown to possess improved compatibility with rgeheration high
energy active materials based on alloying and conversion mechanisms, such-eeai/Li
anodes and sulfur cathoddSolid-state electroltes also exhibit superior thermal stability with
greatly reduced risk of thermal runaway and satisfactorytémaperature performanée.
Therefore, advanced batteries employing SSEs may achigwer leigergy density with reduced
need for complex thermal management systems. In addition to these benefdkgslate

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 opengtivoltage, rather than combining several individually
packaged cells in series as is done with lichaded cell3®

Sulfide SSEs are leading candidates for ssléte battery applications due to their high
lithium-ion conductivity (comparable to liquid electrolytes) and favorable ductility, which allows
for formation of lowresistance interfaces with active materials. There are many promising
classes of sulfide SSEs, including glassess5i1, LGPS materis, and the argyroditéd.The
argyrodites, with the chemical formulasBiSX (X = Cl, Br, 1), are of particulainterest due to
their combination of high ionic conductivity (up to 12 mS%mow activation energy (as low as
0.16 eV), good stability against Li metal anodes, favorable ductility, and availability of scalable
synthesis methods.

However, onalrawbackof sulfide SSEs igie high cost of precursor materials, especially
Li2S, which has an estimated bulk price >700 USD, kiyie to the intensive/hazardous
conditions required for its synthedfdNanocrystalline LiS is of particular interest because it has
been shown to be beneficfak the mechanochemical synthesis of sulfide SSEathode
performancg® andas a reagent fanetal sulfide synthesi$.Currently, the industrially relevant
Li»S synthesis methods include the carbothermal reduction®0Li a highly endothermic
reaction condued around 1000 °C that directly emits large amounts ofiCind the
sulfurization of LCOs or LIOH with HoST reactiors that offgas a corrosive mixture of
unreacted BB and steam in addition to G& Alternatives have been developed, such as the
catalytic reaction of Li metand sulfur or the reaction of Li metal andS-via a dissolved
alkoxide intermediat&**>18A technoeconomic analysis of the reaction of Li metal asf! tdl
produce 20 tons L3S per year suggests that&icould be produced with this process at ~70
USDkg.1® While this approach may reduce the price @SLby an order of magnitude, the$i
price was found to be highly sensitive to the cost of the lithium rpegalirsor. Therefore,
lower-cost lithium salt precursors should be investigated

Recently, we and others reported a new approach to synthesizégidimetathesis of
low-cost, abundant LiCl and M&2%22 The reaction (Ecp.1) can be conducted at ambient
temperatures in ethanol, with spagly soluble NaCl precipitating out of solutidbue to the
lower cost of lithium chloride compared to lithium metal, we suggest this process could produce
Li,S at a cost of ~55 USD Kg

2Li ClaaS+VYip6L + 2NacCl LB
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The LixS could be recovered frorhé supernatant by solvent evaporation and further
annealing at O300 AGS conthmedexgemated impurdiesaneely u |l t i ng
LiOH, Li2CO;, Li20, and L§OCI T that are not typically observed wheniis simply dissolved
andrecovered from ethanét?® A preliminary study found that k©CI formationcould be
minimized by adding-R% stoichiometric excess of the 1$areagent to drive complete
consumption of the LiCl precursor. However;@Os and LO impurities persisted. The impact
of these impurities on SSE ion conduction was studied by fabricatimgdel LiPSCI
argyrodite and comparing to a control obtained from {pighty commercial LiS. It was found
that the LS impurities manifest as d#Qy and LiCl impurities in the argyrodite. Surprisingly,
higher ionic conductivity was not necessarilyretated 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 duringdomgoattery operation is
unclear, so minimizéon of these side phases is desirable for lsgge deployment of the
metathesis synthesis ofzS.

In this work, we investigate the fundamental mechanism of impurity formation during the
metathesis reaction in ethanol. We find thatLis kineticallystable in ethanol solutions and can
be dissolved and recovered with minimal retention of solvent impuaitiesa mild annealing
step. NaS however, is highly reactive with ethanol and undergoes alcoholysis in parallel with
metathesis leading to the kitreeentrapment of EtONa in the final2d. 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 wee developed, with the resulting.5i being applied to the synthesis o§R%CI to
elucidate underlying compositigproperty relationships. It was found that complete
removal/decomposition of organic impurities is key to achieving both high lithium and lo
electron conductivity. One purification step in particlilairying of the LS under a mixture of
10% HS in Ar at 80 °Q retained the desired nanocrystalline morphology and resulted in
LiePSCI with purity and performance essentially identical to et material fabricated from
high-purity Li>S.
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5.3  Experimental Methods
5.3.1 Materials

Na:S hydrate flakes (60 wt. %, Sigma) were purified as reported previdBitiefly,
100 g was dried by grinding followed by heatiunder vacuum to 70 °C overnight, then again
overnight at 150 °C to yield ~60 g dehydrated®&NaS-d). The dehydrated material is
anhydrous but retains minor polysulfide and-ex§fur impurities. The N&-d was further
purified by heating at 600 °hder flowing 50% HAr for 12 h in a packed bed configuration
resulting in reduced N& (NaS-r). Commercial LiS (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, <0.06% H0O, Sigma), ipropanol (PrOH, <0.005%4@, Sigma), tetrahydrofuran
(THF, unstabilized, 99%, Alfa),2Bs (99%, Sigma), sulfur (99.5%, Alfa),»8 (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

Li>S-Solvent CompatibilityThe compatibility of L#S with EtOH and/or PrOH was
studied. FirstsufficientLi>S-c was added to the solvent to form a suspension above the
saturation limit. Then, additional solvenas added 1 mL at a time with 1 h stirring until ajis.i
was dissolved. The solubility of 1S at room temperature was ~0.7 M in EtOH and ~0.4 M in
PrOH. The compatibility of N& with EtOH was studied by dissolving 48 in EtOH at 0.7 M
for 12 h. Foboth LS and NaS, a small amount of suspended solid persists in each solvent and
candt be dissolved even at | ower concentratio
reported by others, and2S solutions are typically settled before 48&The LiS/NaS was
recowered 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.

Li>S Synthesid.iCl was dissoled in 60 mL EtOH to obtain a 1.4 M solution. Next,
NaS-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 withtemperature and drying time noted in the t&kétathesis LiS (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 flowwagdsp
through the bed to provide fluidization. The furnace was heated at 5 *Ctartine target
temperature. Additional syntheses were performed to study the impaci®pidty and
alcohol chain length. In the first, B&d (5% excess) was added t@.4 M LiCI-EtOH solution.
In the latter, NgS-r (2% excess) was added t0.8 M solution of LiCl in PrOH.

Solid-state metathesis reactions were conducted by grinding LiCl witBIN2%
excess) by mortar and pestle, then heating under flowing Ar anfirf€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 k& concentration of 0.7 M. The resulting suspension was centrifuged and
dried according to the above procedure.

LisPSCl SynthesisLisPSCl was synthesized similar to a previous repbrt.
Stoichiometric quantities of kb, LiCl, and BSs were ground by hand, then ball milled in a ZrO
jar (40 mL) with 4 ZrQ balls (10 mm) for 10 h in a SPEX mill (8000 M). Pellets were pressed at
320 MPa, then heated at 10 °C rhiw 550 °C for 1 h in a quartz tube under dynamic vacuum.

5.3.3 Materials Characterization

Xray diffraction (XRD) w¥mydffedometer withCon a P
KU radiation (& = 0.15405 n m@)minb.Samplessvere 10 and
prepared on a glass slidevered withScotch Magic Tape to prevent undesired reactions with
ambient moistureContributiors from the quartz slideand tapeverebackgroundubtractedvith
apolynomial fit. Thermogravimetric analysis (TGA) was perfornveith a TGA Q50 (TA
Instruments)nder flowing Ar by heating the furnace at a rate of 10 °Cliihifferential
Scanning Calorimetry (DSC)as performed on an SDT Q600 (TA Instruments) under flowing
Ar with a 10 °C mint heating rate and natural coolirfgpuriertransform infraregpectroscopy
(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-JSBOF FESEM instrument with an
accelerating voltage & kV. EnergyDispersive Analysis of Xays (EDAX) was performed on
thesame instrument at 15 kV. @ine 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 tzametempellets in
a PEEK split cell with stainless steel plungers under a uniaxial fabrication pres8atehdiPa.
Electrochemial testingwas conductedith a Gamry Interface 1000E potentiosiader 120
MPa applied pressur&lectrochemical impedanspectroscopy (EIS) was performed in the
frequency range of 1 Hz to 1 MHz with a 10 mV perturbatidon-ambient temperature testing
was performed by heating the split cell apparatus with an electrical heating element and allowing
it to stabilize at the tget temperature for.8 h. Bulk ionic resistancevas measured from the
resulting Nyquist plots one of three ways: If no higgquency semicircle was observed, then the
high-frequency xaxis intercept was taken as the ionic resistance. If a semicircléeteged,
the impedance data was fit to the equivalent circuit shown in Figh5.d4d the total resistance
was taken as ionic resistance. Finally, for the sample prepared from the 200 °C ann&ated Li
which displayed two semicircles, ionic resistan@es calculated the same, except an additional
RQ element was added to the equivalent circuit in sddiégolarizatiorwas performedby
applying a step voltage 6f1V and measuring the current respariSlectronic resistance was
calculated fronthe aveage of the current over the final 60 s and the applied voltage using

Ohmoés | aw

5.4  Results and Discussion

The relationship between metathesisSL.composition and annealing temperature was
investigated using a combination of XRD and FBfectroscopy. (Fig. 5:2,b) After drying at
80 °C under vacuum, only nanocrystallineS.is detected in XRRs evidenced by the broad
signature peaks, but FTIR reveals the presence of residual EtOH impuries IR
transparent except for the larglesorption peak at 400 cnand the minor peak observed around
500 cm. Annealing at 200 °C improves the crystallinity of theS,ias indicated by the
increased peak sharpness in XRD and reduced digimalise ratio. However, FTIR indicates
that EtOH inpurities are retained at 200 °C. After annealing at 300 °C, no EtOH impurities can
be detected, but €0z and LiOH are observed. XRD and FTIR suggest that these impurities
may be avoided by annealing at 400 °C, with only residual NaCl byproduct detextR@di
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. 5.2c¢) The grey discoloration of the 400 °C sampbeswnked to graphitic carbon via

Raman spectroscopy previoudhand as will be shown later, the formation of carbon impurities

by hightemperature annealing of solvent residues has a significant impact on the resulting SSE
electronic conductivity. Higher temperature anneals also causectastrg of the L#S 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&iadopts a disordered flake structure, while at 400 °C it

adopts a smoother, denser morpholdgyintermediate form is observed after annealing at 300

°C consisting of uniform spheresof ~@1. 5 e m attached to the surfac
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Figure 5.2a) XRD, b) FTIR, and c) optical images of theZim at different drying/annealing
temperaturesnder Ar.

The formation of impurities initially seemed inconsistent with literature reports. For
example, LiS has been synthesized in EtOH by reactipg &hd a solution of EtOLi. ThedS
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was recovered from solution by evaporating the solvent and amrealiat 0200 AC wi t h
formation of any of the impurities shownFfig. 5.2'4 Likewise, the dissolution of b8 in EtOH

followed by recovery through solvent evaporation is commonly employed to gehef&

nanoparticles for use as cathode active materials with claims of yielding pBré®¥iHowever,

close review of the literature reveals several reports in which notable impurities can be detected.

For example, in some repdit$®the presence of a diffraction peak arouneB32 A ( Cu KU
radiation) suggest the presence of LiOH afLiln other report$’3diffraction 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 LiS has been reported to be unreactive with Et&Hese other

reports may suggest that is not necessarily true, with resulting purity dependent on processing,

and that in some cases theS.mayundergo alcoholysis. (Eq.5.
Li,S + BtIOHHS + Et OLI LB

To investigate the effect of solvent evaporation parameters on ethoxide formation,
commercially obtained higpurity (99.9%) LS was dissolved in anhydrous EtOH, then
evaporated under different conditions. Four combinations of highoanttmperature 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 presentedrig. 5.10alongside the EtOLi control. XRD
shows that both samples evaporated at RT (taking sevesatayly 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 solvenkKRD of the material dried at 80 °C/~1 atm shows no evidence of
EtOLi or solvate, though the broacb&ipeaks may mask minor impurity phasésy.(5.10a)
FTIR of all samples shows similar peaks to the EtOLi, which in turn can be attributgldsto C
groupsby comparison with the spectra of pure EtOFg(5.106b) 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 decompositionloérat so
complex, while the second mass loss is attributed to decomposition of the ethoxide group to solid
oxygenated Li compounds (e.g2CiOs and LiOH), carbon, and small gas molecuiféEhese
signature mass losses can be observed in the RT/vacuum, RT/~1 atm, and 80 °C/~Dlatsn sam
in varying degreesHg. 5.10c,d)
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Optimal purity was achieved with the 80 °C/vacuum dried sample, which shows only
crystalline LpS by XRD with no EtOLi signature mass losses in TGA. Annealing this sample at
200 °C results in higipurity Li>S showimg 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.Kig. 5.3a,c) These results suggest that alcoholysis can proceed but may be
attenuated by rapidigemoving 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 4S-EtOH dissolution method, such as®iseparationsnal
cathode nanoparticle preparations. It is also important to note that intrinsic differenc&s in Li
samples may also play a role in explaining variation among literature reports. For example,
according to available SDSsbican range in appearance frpare white (as in this study) to
yellow (as depicted in at least one other ste)puggesting that excess sulfur may be present in
samples, which could impact solvent interactions.

Since LS can seemingly be kinetically stabilized in EtOH, waddrour attention on
NaS. NaS purified by hydrogen reduction (p&r) was dissolved in anhydrous EtOH at the
same concentration as;Bj, then dried under vacuum at 80 °C. In stark contrast®) NaS is
nearly completely decomposedEtOH via alcohgtsis (Eq. 53) 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 impuritieBig. 5.3b,d)
NaoaS + Bt R@&aHS + Et ONa LB

Figure 5.4shows a direct comparison of the TGA curves and their derivatives®frii
and LbS-c recovered from EtOH by annealing at 200 °C. Th&ktisample shows negligible
mass loss until 400 °C, where a slight peak in the derivative may indicate the prdsence o
residual EtOLi. The subsequent mass loss may be attributed to LiOH volatilization and
decomposition to O and HO,* and only 1.5 wt% is lost in total. The:B-m sample,
however, exhibits a sharp mass loss at 374 °C, whiotnisistent with the TGA curve of
EtONa2? The gradual madsss up to 300 °@nay be attributed to the slow decomposition of a
solventEtONa addut 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 5.3a,b) XRD and c,d) FTIR of k&-c and NaS-r, respectively, recovered from EtOH.

Figure 5.4a) TGA and b) derivative ofGA signal for LpS-c and LpS-m recovered from EtOH
and annealed at 200 °C under Ar.

The reactivity of NaS with EtOH coupled with observation of the TGA signature of
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EtONa formed as a result of pBaalcoholysis, which occurs in parallel with the desired
metathesis reactionfig. 5.5a) Given this mechanism of impurity formation, several strategies
to remove them or prevent théormation can be proposedrig. 5.5b) The simplest approach is

to physically separate the EtONa from the driegsim 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 vgh An
alternative approach is to avoid the formation of EtONa completely by performing reaction and
NaCl separation independently of each other. For example, by @orgimetathesis in the solid
state (SSM) at elevated temperatures in the absence of solvents, the decompositi§rcotida

be avoided. The synthesized&ican then be extracted from the reaction product with EtOH.
Finally, the ethoxide byproducts cdudlso be removed by heating the sample under a sidfur
environment, favoring the formation of2S/NaS over oxygenated species. To this ens§ Eind

elemental sulfur were investigated as sulfurizing agents.

a Na,S b
Li,S
NazSs,) + EtOH,, Purification
~ NaHS , * EtONa . Y Tat °
NaHS .,y + LiCl g * v *
— LiH(sSOJ + Né?:’f @) Physical . Reaction &
. (sol) (s) 5 Avoidance ;
™) Na,S )+ 2LiCl Separation Separation
> LipSeoy + 2NaCly,
EtONa(g) * LiCliaay (4 l i
 EtO oo NGl Solvent SSM H,S
) Sg Anneal 4

Wash Extraction Anneal

EtOLi + LiHS o) 5)
— LizSpeop + EtOH,
Li,S

Figure 5.5a) Reaction mechanism forrfoation of alkoxides. b) Outline of approaches to
preventing/removing alkoxide impurities.

Characterization of the £$m produced from each of the four purification approaches is
summarized irFig. 5.6and compared to k$m annealed at 200 °C with norgication attempts
as a baseline. The baseline sample shows only XRD peaks attribute8.tbldwever, FTIR
shows strong absorption bands attributed to ethoxide groups and complexed solvent molecules.
The THFRwashed sample was dried at 80 °C under vac¢uiiem ground and suspended in THF
for 1 hour followedby 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 resultipg dlisplays greatly reduced FTIR
solvent signatures compared to baseli

The SSM approach was first investigated by performing DSC on a mixture of LiCl and
2% excess N&-r. (Fig. 5.1%a) The heat flow curve shows a strong irreversible exothermic
event starting at 540 °C, and TGA shows no mass loss until 710 °C accontpaaiegversible
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 At eanducting XRD on the resulting material.
(Fig. 5.11b) 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 Li>S and NaCl with no detectable byproducts. After suspending the product powder in
EtOH at a nominal L5 concentration of 0.7 M (identical to liqusdate metathesis), the
resulting supernatant was dried at 80 °C under vacuum and annealed at 200 1GC2%nly
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 955vbiah
may be attributed to S symmetric stretch resulting from part@atidation at elevated reaction
temperatures

Next, annealing in the presence of elemental sulfur was investigated by mixing different
percentages of sulfur with the dried&i FTIR shows that intermediate sulfur loadings ~5 wt%
(relative to the LiS masyare preferred when annealing at 200 °C, with 1 wt% sulfur providing
no benefit to solvent removal, and 10% causing the formation of additional spEigje5.12a)
Next, annealing temperature was explored, with the expectation that excess covailent sulf
(visible as a yellow discoloration Fig. 5.6¢) could be removed above the sublimation point of
sulfur (~100 °C). However, higher temperatures favor the formation of oxidized impurities such
as LbCO; and potentially SE¥ moieties. Fig. 5.12b) Additionally, some excess sulfur
preferentially reacts with the sulfide to form a dark colored material that may be attributed to
polysulfides. Fig. 5.12c)

Finally, annealing the k& under a 10% ¥$/Ar mixture was studied. Thedd was
heated to 150 °@nder flowing 10% S, and the effluent was monitored with-lome mass
spectrometry.Kig. 5.13a) It showed a sudden consumption eSktarting at 77 °C, which

rebounded to the baseline value after ~10 min, suggesting48atrifing could be a rapidyu-
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temperature method of removing the alkoxide byprodddtsugh the use of ¥$ gas raises
concerns for safety, the consumption eBSHvas estimated at only ~0.05 maiSHmot*-Li»S by
integration of the b5 consumption in Fig. 5.18. Separate experimentvere conducted by

heating the LIS under 10% b5 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, whilgSLprecipitates 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 i8adHed material is estimated at 11

nm based oa Scherrer analysis of the XRD peak broadening.
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Figure 5.6a) XRD, b) FTIR, and c) optical images ob&im produced using different
procedures.
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Optical images of all samples are showtkig. 5.6c. With the exception of the sultur
annealed sample,lare fine white powdersuggestinghe absence of carbon or polysulfide
byproducts. SEM images are providedrig. 5.7 All samples annealed at 200 °C possess a
similar disordered flake morphology. TheS-dried sample has a much finer structure comgjsti
of smaller, more dispersed crystallites. This {fimained structure is also reflected at the

macroscopic scale as seen in the optical images.

a) 200 °C b) THF —200 °C

3  Vh, =

c) SSM-200°C

Figure 5.7SEM images of &Sm pr oduced wusing different proce

To investigate tb impact of LS processing and composition on electrolyte properties,
LiePSCI argyrodites were prepared from theSm samples purified through the methods
presented above by ball milling stoichiometric quantities g6 PSs, and LiCl followed by
anrealing at 550 °C. Resulting argyrodites were compared to control samples prepared from
Li>S-c and LpS-m annealed at 300 °C to decompose the alkoxide intermediate€@sland
Li»O as described in a previous reg8ikRD of the argyrodite samples is pemted irFig. 5.8
a. The material synthesized from 99.9% pure commerci8l ikiidentified as phagaure
LisPSCI with no other impurities. When the baselineS_sample annealed at 200 °C
(containing intact alkoxide residue) is used to synthesize the @®rly crystalline LPSCI
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results with significant lsPS; and LiCl side phases identified, possibly due to a sub
stoichiometric amount of b&. Additional phases can be observed, but are difficult to identify
with certainty. The LiS-m sample annealeat 300 °C results in much higher purity but retains
traces of LiPOy and LICl.

The THFwashed LiS results in promising kPSCI purity, with nearly undetected
LisPQy/LIiCl signatures. The SSMerived LpS, on the other hand, results in the formation of
LisPQq, LiCl, and NaHS side products. Annealing with 5 wt% sulfur at 200 °C apparently was
not sufficient to prevent impurity formation since theR@y and LiCl diffraction peaks are more
intense than in the 300 °C annealed material. Finally, t&edHed Li>S-m material yielded the
optimal purity of all metathesis samples with essentially ppase argyrodite forming similar to
that fabricated from commercialAS.

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 presentedrig. 5.8b,c, respectively. Temperatudependent Nyquist plots for all
samples can be found in the Supplementary Information. §Ri¢) The HS-dried and THF
washed LiS resulted in the highest conductivity of 3.1 mS*emear ambient temperature (30
°C) compared to 3.3 mS chobtained with commercial material, with essentially identical
activation energies of 0.1819 eV. The matial derived from SSM and sulfur annealing
achieved below 0.1 mS chionic 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 stestdye current response in
Fig. 5.8c, varies over 6 orders of magnitude. Low electronic conductivity is desired for solid
state separator applications to minimize leakage current, statfizar®de interface¥,and
prevent Li dendrite propagatidAThe lowest electronic conductivities are achieved whe®-t.
or Li2S-m with H:S drying or300 °C annealing are used with all samples exhibiting electronic
conductivity on the order of 10mS cm'. The highest electronic conductivity is achieved with
the baseline 200 °C annealed®m, likely due to the preferential formation of graphitic carb
when heating solvent impurities over 400 °C. The W#5hed LiS 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 coulchpetitive with further

optimization. The ionic conductivity, activation energy, and electronic conductivity are
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summarized for all samples Trable 5.1 The results show that.8 drying at 80 °C was the
optimal method for removing solvent impurities to ntain high SSE purity, with state-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 ua8egsrblduced
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, heaiBmqthe presence of excess
sulfur can createore@shell structusf Li.S@LES,, with potential advantages for improving
stability in cathode applicatiorf&3’ Likewise, whileundesirable for electrolyte plications,the
electronic conductivitymparted by carbon impuritigsay be beneficial if the kb is deployed
in composite cathode$hus, the post processing of metathesis derived ¢an be used both for

purification and to tailor LiS properties for subsequent applications.

Table 5.1Summary of ionic/electronic properties otR&CI argyrodites fabricated from
different LS samples.

Oui+ (10% S cm')  Ea(eV) Je (10° S cn)

Commercial 3.3 0.18 1.4

H.S-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 4.4A0°

5% S 0.047 0.12 6.340°

200 °C 0.13 0.15 1.1A0°
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Figure 5.8a) XRD, b) Arrhenius plots, and c¢) DC Polarization current responsesRECi
argyrodites fabricated frowhifferent LS 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 batterygrade LS constrainshte largescale synthesis of SSEs. Metathesis is a scalable
method of synthesizing £$ from lowcost LiCl and N&S in ethanol, but the resulting material
retains impurities. Here we demonstrate that these arise primarily thaitnagiolysis of the
NaS reaent, forming impurities such as sodium ethoxide. Alcoholysis & &also occurs but at
much slower rates, and its impact can be mitigated through efficient processing. Subsequent
decomposition of these solvesi¢rived impurities during solvent removaledectrolyte
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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 lelegm operation when incorporated in a device. In
this work, we proposed and evaluated several appredacheproving the purity of metathesis
Li»S: solvent washing, solistate metathesis followed by solvent extraction, sulfur annealing,
and BS drying. Among these approachesSHirying at 80 °C resulted in optimal purity while
retaining the nanocrystatlity (~10 nm crystallites) that has demonstrated benefits for cathode
performance and electrolyte synthesis. Argyrodites synthesized fs8rdri¢d material

exhibited purity comparable to electrolytes fabricated from-pigitity commercial LiS with

nomindly identical ionic conductivity (>3 mS c®) and electronic conductivity (~amS cmb).
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5.9 Supplementary Information
Additional Li>S-m characterization, Nyquistqis, and results on PrQé#kerived LpS and
NaS-d-derived LpS.

5.9.1 Supplemental Results and Discussion

While most attention has been paid to reducing the presence of oxygenated impurities in
the LbS-m, relatively little has been focused on the Na@t th 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 efficia@y of Li>S and NaCl in EtOH is dependent on the relative solubility of the
two species, with an expected concentration of ~1.5 wt% NaCh$hdtithe concentrations
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employed here. Others have suggested reactip§ Wah a stoichiometric excess of LiCa t

result in unreacted LiCl that suppresses NaCl dissolution via the coiomeffect?! The

residual LiCl can be removed by solvent washing od @sea Cl source in the synthesis of SSEs
such as LPSCI. However, in our case unreacted LiCl preferentially forme®Ci without
purification. We suggest that the comrdon effect may be more effective when combined with
one of the purification stragées presented here.

We also explored the option of utilizing a longer chain alcotepropanol (PrOH)
because of its lower NaCl solubility relative te®j which could theoretically reduce the NacCl
concentration to ~0.5 wt%. We demonstrate thg®-iand LpS-m recovered from PrOH both
result in oxygenated impurities when annealed at 200 °C. Howex@dnyiing at 80 °C seems
effective at suppressing these impurities as shown in XRD and FHitR5(15a,b The
microstructure of the ¥$-dried mateml recovered from PrOH appears similar to the EtOH
derived materiathough with a higher degree of agglomeration. (Fig.-48)1bhe relative
concentrations of Na and Cl in the EtOH and PrOH materials were measured with EDAX.
However, both samples showeeknly identical EDAX peak intensities (Fig. 5-@h suggesting
that the actual solubility of NaCl is affected by the presence-eblides like LiS, or that Na
and Cl is contributed from alternate sources, such &S biaLiCl. Further work is needed to
both reliably quantify and reduce the NaCl content of th8.Li

Finally, in a previous study we explored the use ofpawity dehydrated N& (NaS-d)
as the precursor for $$ formation?’ The resulting LiS exhibited higher concentrations of
LioCGQs, and LEPSCI argyroditedabricated from Ng&-d-derived LS contained crystalline
NaS. However, the ionic conductivity of these samples was generally higher even than materials
derived from battergrade LS. Figure 5.1@lisplays XRD and FTIR of kB synthesized from
NaS-d (5%excess) and LiCl in EtOH with annealing at 200 °C under Ar or at 80 °C under 10%
H>S, demonstrating that the&l drying may be applicable to purification even when lower purity
N&S is employed. Such a process could represent the simplest and most eabroute from
NaS to LbS, sinceNaS purificationsteps such as hydrogen reduction or recrystallization could
be avoided. The metathesis synthesis was also studiegrop&nol, and results are reported in

the Supplemental Information.
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5.9.2 Supplemental Figures
a) 200 °C b) 300 °C c) 400 °C

Figure 5.9SEM images of LiS-m annealed at different temperatures under Ar.
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Figure 5.10a) XRD, b) FTIR, c) TGA, and d) derivative of TGA of.Bic recovered from EtOH
under different drying conditions compared to EtOLi.
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Figure 5.1 a) DSC/TGA of a mixture of N& and LiCl. b) XRD of a mixture of N& and LiCl
after heating to different temperatures for 2 h under Ar.

Figure 5.12a) FTIR of LkS-m annealed at 200 °C with different sulfur loadings, and b) with 5%
sulfurloading at different temperatures. c) Optical images £8-m at 5% sulfur loading
annealed at different temperatures.
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