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ABSTRACT: Lithium sulfide (Li,S) is both a high-capacity cathode and
the critical component in sulfide-based lithium-ion solid-state electrolytes.
Conventionally produced by carbothermal or H,S reduction, its high cost
constrains development of the next-generation batteries that employ it.
Here, we introduce production of Li,S though room-temperature (RT)
metathesis using LiCl and technical grade Na,S-xH,O that was either
dehydrated or further purified through hydrogen reduction. LisPSsCl
argyrodites derived from metathesis Li,S display high ionic conductivity
(>4 mS cm™! at RT), exceeding that of the commercial Li,S control.
Metathesis offers an economical and energy eficient route for the scalable

production of this critical material.

Net Reaction:
2LiClsopmy + NaySsomy — 2NaClig) + LixS soim)

NaZS(soIn)

LiClisoim)

NaCl(s) + LiZS(so,,,)
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C onventional lithium-ion batteries (LIBs) used in today’s
electric vehicles (EVs) are approaching their physico-
chemical limit for energy density, which is constraining their
wider adoption due to both range and cost considerations."
Replacement of conventional liquid electrolytes with thin
solid-state counterparts is key to enhancing the specific energy
density of next-generation batteries while simultaneously
reducing flammability concerns.” All-solid-state lithium-ion
batteries (ASSLIBs) could employ conventional electrodes
(graphite/metal oxides) or be paired with anodes (Li, Si)** or
cathodes (S, Li,S)° that offer higher capacity.

Candidate SSEs include polymers, oxides, and sulfide-based
inorganic glasses and ceramics. Among these, the latter offer
favorable properties including superior ionic conductivity® and
ductility, which allows for the effective formation of electro-
lyte—electrode interfaces.” Among the most promising sulfide
SSEs are the Li,S—P,S; (LPS) glasses and ceramics (i.e.,
Li;P;S;;), Li;0GeP,S;, (LGPS) and its analogues, and
Li;_,PS¢_ X, (X = Cl, Br, I) argyrodites.” Chloride argyrodites
(LigPSsCl) in particular are favored due to their combination
of high ionic conductivity (65-c & 1—5 mS cm™'),* favorable
synthesis and processing methods,” lack of expensive materials
such as GeS,, and the self-passivating nature of its interfaces."’

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 (Li,S). Laboratory quantities of Li,S
retail for > $10,000/kg, and at scale the price remains
~$1,000/kg, which is not competitive with current LIB
technology. The high cost of Li,S reflects the unfavorable
methods used to synthesize it, summarized in Table 1. Lithium
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metal can be reacted with elemental sulfur or H,S. As recently
reported, the elemental reaction can be conducted at ~90 °C
in tetrahydrofuran (THF) with an electron transfer catalyst
such as naphthalene.'" Alternatively, lithium can be converted
to an intermediate alkoxide solution and then reacted with H,S
gas at ambient temperatures.'”~ "> Fast kinetics coupled with
favorable thermodynamics ensure complete abatement of the
hazardous waste gas and concomitant recovery of the H,
contained therein. These methods may be preferred at
laboratory scale due to their simplicity, but large-scale
production is unfavorable due to the high cost of lithium
metal relative to more common lithium salts. Furthermore, this
process required purified H,S and presents toxicity and
flammability hazards, as does lithium metal due to its
pyrophoricity and THF due to its toxicity. The industrial
standard is the carbothermal reduction of lithium sulfate due to
the low cost of reagents and technological maturity, but this
method requires higher operating costs due to the highly
endothermic nature of the reaction, which is typically
conducted around 700—1,000 °C.'° Due to the energy
intensity and reaction stoichiometry, carbothermal reduction
is the most CO,-intensive synthesis route. Li,CO; and LiOH
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Table 1. Attributes of the Alternative Li,S Synthesis Methods
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Figure 1. (a) Process flow diagram of the low-temperature liquid-state metathesis for the production of Li,S. (b) Image and (c) micrograph of
metathesis Li,S. (d) TGA and (e) XRD of Li,S after sequential thermal processing steps.

may also be reduced with H,S at elevated temperatures.'”"®

Drawbacks of these approaches, however, are relatively slow
solid—gas reaction kinetics and the highly corrosive nature of
the resulting mixtures of unreacted H,S and steam. These
high-temperature methods also produce Li,S in bulk form,
often requiring additional purification and processing such as
ball milling to deliver powders with the desired morphology.
An alternative approach employs alcohol extraction and
subsequent distillation/annealing."”

A common reaction method for synthesizing transition
metal sulfides is the metathesis—or counterion exchange—
reaction, but the application of this method to the synthesis of
Li,S has not yet been reported in the literature. Here, we
describe the development of a reaction scheme in which
lithium chloride reacts with Na,S in an alcohol solution.
Reactive precipitation of NaCl provides favorable energetics
and facilitates separation of the two products due to the high
solubility of Li,S in alcohols relative to NaCl. The Li,S is
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Figure 2. (3, b) XRD and (c, d) TGA of Li,S derived from H,-reduced and dehydrated Na,S, respectively, along with a commercial Li,S sample.

recovered via solvent evaporation and purified by annealing at
300 °C under flowing argon. Panels a and b of Figure 1 provide
a flow diagram of the metathesis process and image of the final
Li,S product, respectively.

Anhydrous Na,S, like its lithium counterpart, is currently
prohibitively expensive. Instead we employ low-cost, technical
grade Na,$ hydrate flakes (~$0.5/kg at scale) that are purified
in house using a two-step procedure detailed previously.”> A
low-temperature anneal removes bound water and a hydrogen
reduction step removes residual polysulfide and oxysulfur
impurities, resulting in anhydrous Na,S powders with purity
superior to that of commercially available material. Both
dehydrated and fully reduced Na,S were used and compared.
The metathesis reaction was conducted by adding a near-
stoichiometric quantity of purified Na,S reagent directly to an
LiCl solution with stirring. Upon addition of Na,S a white
suspension rapidly forms due to NaCl precipitation. Next, the
NaCl solids are separated out by centrifugation, and the
supernatant is evaporated under vacuum with stirring at 100
°C. Additional details on the process conditions and
representative images (Figure S1) are provided in the
Supporting Information.

The powder recovered from the evaporation step appears
dry but retains 40 wt % solvent (Figure 1d), necessitating
further annealing at elevated temperatures above 200 °C to
completely remove complexed solvent. Annealing above 300
°C or in the presence of strong mass transfer limitations can
cause carburization of solvent resulting in a gray discoloration
to the Li,S, identified as carbon deposits by observation of
carbon D/G bands in Raman spectroscopy. (Figure S2)
Therefore, the Li,S samples were annealed in a fluidized-bed
configuration (Figure S7) to minimize transport limitations,
and the annealing temperature was limited to 300 °C or below.
TGA (Figure 1d) shows that a 250 °C anneal for 12 h reduces
the solvent content to ~4 wt %, and a further anneal at 300 °C
for 12 h is required to completely remove the solvent. Solvent
removal throughout annealing is accompanied by an increase
in crystallite size as evidenced by the peak broadening
exhibited in XRD (Figure le). A Scherrer equation estimate
indicates crystallites smaller than 10 nm in the as-evaporated
material and ~18 nm in the 250 °C annealed material, while
the 300 °C annealed material exhibits sharp diffraction peaks
consistent with much larger particle sizes. These nanocrystals
can be observed in SEM as consisting of nanoflakes with
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Figure 3. (a, b) XRD and (¢, d) Arrhenius plots of ionic conductivity for argyrodites synthesized with Li,S derived from high-purity and low-purity
Na,S, respectively, along with an argyrodite synthesized from a commercial Li,S sample.

thicknesses on the order of 100 nm, which agglomerate into
spherical secondary particles about 1-10 pm in diameter
(Figure 1c and Figure S3). In previous work, we demonstrated
that this nanoflake morphology is beneficial for applications
both to Li,S cathodes'* and in the mechanochemical synthesis
of glassy solid-state electrolytes.'®

The Li,S recovered from metathesis is of high purity, but
residual impurities not present in commercial material were
detected with XRD and TGA. Figure 2 compares the
properties of metathesis Li,S relative to a commercial standard
as a function of Na,$ source (dehydrated or fully reduced) and
the Na,S:LiCl stoichiometry. Using fully reduced Na,S XRD
revealed the presence of several impurity phases, Li;OC], Li,O,
and Li,CO;, and NaCl. Conducting the same synthesis with a
slight stoichiometric excess Na,S (1 or 2 wt %) diminished the
intensity of the Li;OCI diffraction peak, while the relative
intensity of the Li,CO; and NaCl peaks increased (Figure 2a)
This may suggest that the presence of impurities in the Na,S
reagent necessitates 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 Li;OCl. We presume
that O and C impurities derive from the decomposition of the
solvated compound Li,S-CH;CH,OH that is present in Li,S
recovered from ethanol solutions.”> Optimization of annealing
conditions minimized but failed to completely eliminate these
impurities.

TGA can provide semiquantitative information about
concentrations of LiOH and Li,CO,;, which decompose to
Li,O and H,0 at around 600 °C and Li,O and CO, at around
800 °C, respectively.”* For example, the commercial sample
exhibits an ~1 wt % mass loss around 600 °C, suggesting
LiOH impurities present on the order of 2.5 wt %, though no
LiOH is detected in XRD. The commercial sample is stable at
800 °C, suggesting the absence of Li,CO; while the
synthesized samples display a significant mass loss at 800 °C
that decreases linearly with Na,$S excess. (Figure 2c) However,
this trend is opposite that observed in XRD, suggesting that
the mass loss at 800 °C may be attributed to additional
impurities. The decreasing Li;OCI content exhibited in XRD
suggests that the mass loss may instead be due to thermal
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decomposition of Li;OCIl to Li,O and LiCl followed by
subsequent LiCl volatilization.

The precipitate was predominantly NaCl by XRD in all
cases. However, FTIR spectroscopy revealed the presence of
trace quantities of Na,SO, impurities (Figure S4). It is
suggested that the Na,SO, species are derived from the Na,S
reagent and act as spectators in the metathesis reaction due to
their low solubility in EtOH, therefore passing into the
precipitate unreacted. This is consistent with the notion that
excess Na,$S is required to fully consume the LiCl precursor
due to the presence of such inert impurities. Because of this
finding, it was hypothesized that anhydrous Na,S could be
used without purification via H, reduction and would simply
require a slightly greater excess to account for the higher
concentration of Na,SO, in the dehydrated material. Aside
from Na,SO, impurities, the dehydrated Na,S used in this
study also contains sodium polysulfides, which are soluble in
EtOH, and presumably participates in the metathesis reaction
similar to Na,S. The reaction supernatant resulting from its use
is bright yellow in contrast to the colorless solution obtained
when H,-reduced Na,$ is employed (Figure S5). The as-dried
Li,S retains a light-yellow color, suggesting the presence of
polysulfide species.”> However, annealing at 250 °C converts
the material’s color to white, suggesting thermal decom-
position of the polysulfides.

Figure 2b shows XRD of Li,S samples prepared from
dehydrated Na,S without H, reduction. Li,S synthesized from
a 1 wt % excess of dehydrated Na,S exhibits diffraction peaks
attributed to Li;OCl and NaCl along with an unidentifiable
compound with a diffraction peak at ~32.0°. In TGA (Figure
2d) this same sample, as well as a sample synthesized from 2
wt % excess, exhibits an anomalous mass loss with an onset
around 200 °C, which does not correspond to any of the
previously identified impurities. Li,S samples synthesized from
excesses of dehydrated Na,S exhibit the same trends as
samples synthesized from H,-reduced Na,S: the relative
intensity of the Li;OCl diffraction peaks decreased with
increasing Na,S excess, and the TGA mass loss at 800 °C
decreased monotonically, while the relative intensity of Li,CO4
diffraction peaks increased. The greater mass loss exhibited by
samples derived from dehydrated Na,S without purification
may suggest the retention of Na,SO, or Na,S, species, which
may decompose to Na,S and small gas molecules at high
temperatures.

To investigate the validity of metathesis synthesized Li,S,
the samples were subsequently employed in the synthesis of
LigPSsCl argyrodite solid-state electrolytes. Stoichiometric
quantities of Li,S, P,Ss, and LiCl were ball-milled and then
annealed at 550 °C to produce crystalline LisPS;Cl. Figure 3
compares the structure and performance of argyrodite
electrolytes derived from metathesis Li,S relative to a
commercial standard again as a function of Na,S source and
stoichiometry. LisPS;Cl synthesized from the commercial
sample of Li,S exhibits X-ray diffraction peaks that can only
be attributed to the argyrodite phase with no impurities or
unreacted precursors detected. The LigPS;Cl samples prepared
from metathesis Li,S display a number of impurity phases. All
samples, regardless of Na,S purification, exhibit Li;PO, and
LiCl impurities, presumably originating in oxygenated and
chlorinated species such as Li,COj;, Li,O, and Li;OCI present
in the synthesized Li,S. In the samples derived from
dehydrated Na,S (and in the sample prepared from 2 wt %
excess H,-reduced Na,S) residual Na,S is detected. In the

sample prepared from H,-reduced Na,S, this may simply
suggest that 2 wt % excess results in unreacted Na,S that
remains dissolved in the supernatant fraction. In contrast,
when dehydrated Na,S is used, Na,S is present even when
Li;OCI levels were high—indicating a substoichiometric
quantity of Na,S—which suggests that the Na,S is instead
derived from impurities in the Na,S, which apparently can
partition into the final Li,S product. These impurities, such as
Na,SO, and Na,S,, may then decompose into Na,S during
LigPS;Cl synthesis and processing (Figure 3a,b).

While phase purity is important, performance is paramount,
and therefore the ionic conductivity of the argyrodites was
measured by temperature-dependent electrochemical impe-
dance spectroscopy. The room-temperature ionic conductivity
of the sample prepared from commercial Li,S was 3.34 mS
cm™" with an activation energy of 0.18 eV. The literature value
for the activation energy of LisPS;Cl is reported as either
~0.35 or ~0.2 eV.”® The cause of this discrepancy is currently
not fully understood but has been attributed to variations in
chemical purity’” or variations in CI~/S*~ distribution in the
Li,_,PSs_,CL.”® TImportantly, despite the presence of trace
impurities, all of the metathesis-based argyrodites displayed
nominally identical performance to the commercial baseline.
Room-temperature ionic conductivities ranged from 2.52 to
421 mS cm™" and activation energies equal to 0.2 + 0.02 eV
(Figure 3c,d). Room-temperature Nyquist plots are presented
in Figure S6, and values for ionic conductivity and activation
energy are tabulated in Table S7. Most of these samples exceed
all previously reported conductivity values for the LisPS;Cl®
with the exception of one report that employed extreme
fabrication pressure (1000 MPa/4.96 mS cm™").”” While ionic
conductivity is the primary figure of merit for these materials,
the electronic conductivity is also key for maintaining low
leakage current and suppressing lithium dendrite growth.”® DC
polarization experiments found electronic conductivity ranging
from 1 X 107 to 3 X 107 mS cm™, in good comparison with
the literature.”'

The current cost of Li,S is a bottleneck to widespread
deployment of solid-state batteries employing sulfide-based
electrolytes. Table 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 and non-
hazardous conditions. Metathesis is an exceptionally benign
process that provides a compelling alternative with no
outstanding drawbacks. LiCl is a moderate cost precursor,
and there is potential for its price to decrease because up to
80% of the world’s lithium reserves are in brines** and there is
substantial ongoing work to improve recovery technologies.*
Even at current pricing, the materials cost for metathesis is <
$50 kg™' Li,S due to the negligible cost of Na,S and recycling
of the ethanol. The modest energy and GHG emissions are
primarily associated with ethanol vaporization. Alternatively
dissolved Li,S could be used directly in solution-based
electrolyte synthesis methods that are being developed as
more scalable alternatives to ball milling.”* The leading
attributes of metathesis are its low temperature, fast kinetics,
absence of safety concerns, and generation of powders with
favorable morphology for subsequent processing.

In summary, this study demonstrates solution-based syn-
thesis of Li,S via metathesis conducted in ethanol using low-
cost precursors LiCl and Na,S-xH,0. Li,S powders were
recovered via solvent evaporation followed by a mild anneal at

https://doi.org/10.1021/acsaem.2c00442
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00442/suppl_file/ae2c00442_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00442/suppl_file/ae2c00442_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00442/suppl_file/ae2c00442_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00442/suppl_file/ae2c00442_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

300 °C. Metathesis Li,S retained residual impurities not
observed in commercial Li,S that originate from the reagents
employed and ethanol decomposition during annealing.
Nevertheless, LisPS;Cl argyrodite electrolytes synthesized
from metathesis Li,S demonstrated a combination of proper-
ties including high room-temperature ionic conductivity (3—4
mS cm ™), low electronic conductivity (~107® mS cm™), and
low activation energy (~0.2 eV) that were comparable to the
commercial control and among the best achieved to date for
this material. The combination of low precursor costs coupled
with fast and benign processing offers the opportunity to
reduce Li,S costs more than an order of magnitude, making
solid-state batteries technologies employing thio-LISICON
electrolytes cost competitive. Work is ongoing to further
improve the Li,S impurity profile and assess its impact in other
applications such as advanced cathodes.
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