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ABSTRACT: All-solid-state batteries are set to be the next
generation of batteries offering improved performance and safety
over current conventional lithium-ion batteries. Glass-ceramic Li,S—
P,S solid-state sulfide electrolytes are promising contenders to
achieve all-solid-state batteries with exceptional ionic conductivity
on the order of 107> S cm™. Solid-state processing techniques for
synthesizing sulfide solid electrolytes are energetically and time
consumptive. However, proposed solution processing techniques
offer faster and lower temperature processes rendering them
scalable. The chemistries that underly solution processing of sulfide
solid electrolytes are still not well understood. This brief review
highlights key aspects of current research into solution-based
suspension synthesis processing techniques of Li,S—P,Ss sulfide
solid electrolytes discussing precursor stoichiometries, solvent selectivity, reaction conditions, chemical impurities, and particle
morphology with the intent of promoting further research into solution processing of sulfide solid-state electrolytes.

Article Recommendations

1. INTRODUCTION

The pursuit of high-performing and sustainable energy storage
solutions for electric vehicle transportation has placed solid-
state batteries at the forefront of battery research, offering a
safer alternative to conventional lithium-ion batteries. Current
conventional batteries, when damaged or malfunctioned, are
known to suffer thermal runaway, fire, or explosion posing a
serious hazard to health and safety. Among the contributors to
battery fires, high energy electrode materials in combination
with organic liquid electrolytes are generally to blame. It has
been considered that replacing liquid electrolytes with
nonflammable solid-state electrolytes can offer enhanced safety
to overall battery performance.

Sulfide solid electrolytes (SSEs) have gained much
significance in the field of solid-state battery research in the
past decade due to their remarkable electrochemical and
mechanical properties. In 2011, Kamaya et al. reported the
synthesis of the lithium superionic conductor SSE Li,(GeP,S,,
(LGPS) with an ionic conductivity of 12 mS cm™ at room
temperature.' Two years later in 2013, Tatsumisago et al.
reported an SSE with ionic conductivity of 17 mS cm™' at
room temperature, which was attributed to the crystallization
of Li;P;S,, in the binary Li,S—P,S; (LPS) system.” The SSE
Lig 54Si; 74P 44S117Clg; was reported to have an ionic
conductivity of an astonishing 25 mS cm™ by Kato et al.
and still retained the LGPS-like structure.’ Subsequent
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mechanical evaluations of LPS SSEs have reported favorable
Young’s moduli which are appealing for solid-state battery
materials. Accordingly, these electrochemical and mechanical
properties have placed SSEs in the forefront of solid-state
battery research.

With such favorable characteristics, processing methods to
develop and enhance SSEs have been widely investigated. The
LGPS and LPS systems discussed were both synthesized in
highly energetic solid-state processes. The LGPS system
synthesized by Kato et al. was mechanically ball milled for
40 h then annealed for 8 h at high temperature,”’ while the LPS
system reported by Tatsumisago et al. was synthesized by melt-
quenching at 700 °C.” Both of these reported processes are
commonplace in SSE research, however they present
significant obstacles when developing scalable processes that
could render SSEs commercially viable. High-energy and low
throughput processes, such as solid-state synthesis of SSEs,
have a negative impact on the manufacturing costs and solid-
state battery production.
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The first report of a solution-based process for LPS systems
was published in 2013 by Liu et al. coinciding with the report
of the superionic conductor of LPS.” Liu et al’s reported
solution process was conducted using the LPS system in
tetrahydrofuran (THF) and synthesized an SSE with ionic
conductivity of 0.16 mS cm™', which was identified as f-
Li;PS,." In the same year, Tatsumisago et al. reported the
solvation of an LPS system in N-methylformamide (NMF)
while investigating methods to improve the electrode-SSE
interface’ and Huang et al. reported a similar solution process
for an LGPS using hydrazine.’ Inevitably, the characteristic
solubility of Tatsumisago’s SSE in NMF led to the solution-
based suspension synthesis of LPS in NMF and n-hexane,
forming Li;PS, with ionic conductivity of 2.3 X 107 S cm™..”
In the wake of Liu et al.’s pioneering work on SSE processing
with THF, followed by Tatsumisago et al.’s investigations with
NMEF and Huang et al’s LGPS synthesis using hydrazine, a
novel field of research has emerged: the solution-based
processing of SSEs.

These initial approaches to SSE processing using solvents
illustrate a divergence in solution-based processing techniques,
from dissolution—precipitation to suspension synthesis pro-
cesses in which involve reacting precursor reagents in a solvent.
Solution-based dissolution—precipitation processes have been
used for SSE deposition and the coating of active materials
while suspension syntheses have enabled the synthesis of
different SSEs. This divergence is notably important when
distinguishing the similarities and differences between the
types of solution-based processes. Solution-based processing of
SSEs is a broad field of techniques that encapsulate all the
processes that can be performed using a solid electrolyte and a
solvent or mixture of solvents. Solution-based processing
includes both solution-based dissolution—precipitation techni-
ques and solution-based suspension synthesis techniques.

Since the initial experiments of solution-based processing of
SSEs until now, there have been reports of solution-based
suspension synthesis of LPS systems that have reached ionic
conductivities of 3.1 mS cm™® and LigPSCl (LPSC) systems
of up to 4.3 mS em™" at room temperature. Various reports
have been released about the influence on LPS systems from
molar stoichiometries of precursor reagents, solvents used, and
chemical impurities that affect the overall performance of the
synthesized SSEs. Regardless of the published reports, there is
a lack of information regarding the effects of solvent properties
on these chemical reactions and how solvents facilitate the
formation of SSEs. To date, research into LPS SSE solution-
based suspension synthesis is only moderately progressing and
holds paramount to the future of SSEs.

This review assesses key factors related to the solution-based
suspension synthesis of LPS SSEs with the intent of promoting
investigation into the chemistries that facilitate these reactions.
We opted to concentrate on solution-based suspension
synthesis instead of dissociation—precipitation solution process
because the former is expected to play a more significant role
in the synthetic processes influencing the production of SSEs.
Additionally, we selected the LPS system over LGPS and LPSX
(X =L Cl, or Br), due to simplicity of the binary system of
LPS. With a more complete understanding of the reaction
chemistries that facilitate the synthesis of binary LPS SSEs and
the reactions between Li,S and P,S; in solvent, a foundation of
information can support further research into other complex
systems such as LGPS and LPSX SSEs. Ultimately, despite the
LPS system’s ability to provide SSEs with high ionic

conductivity, the underlying reaction mechanisms for sol-
ution-based suspension synthesis remain unclear.

2. SOLUTION-BASED SUSPENSION SYNTHESIS

A simple solution-based suspension synthesis for LPS SSEs can
be categorized into three steps: (1) solvent-facilitated reaction,
(2) solvent removal, and (3) SSE annealing as seen in Figure 1.

Li,S P,Ss

P AN

Step 1: Solvent Mediated
Reaction

Step 2: Solvent Removal Step 3: SSE Annealing

Figure 1. Solution-based suspension synthesis.

Depending on the physical state of the reaction during this
step, the solution may be in the liquid-phase or in a mixture
consisting of liquid and solid-phase. The properties of the
solvent used during the first step and the molar stoichiometries
of the precursor reagents will dictate the physical state of the
solution during this step. Additionally, the solvent, precursor
stoichiometries, and annealing temperature will also determine
the crystalline phases present in the final SSE.

Following synthesis, the solvent removal step is employed to
eliminate the liquid medium and isolate the solid-state
electrolyte precursor. Common techniques such as rotary
evaporation or vacuum drying are often employed to efficiently
remove the solvent, leaving behind a concentrated material.
Careful control of this step is essential to prevent undesirable
side reactions and ensure homogeneity in the resulting solid-
state electrolyte precursor.

The synthesized and solvent-free precursor is subjected to
annealing, a thermal treatment process that induces crystal-
lization, phase transformation, and the development of the
desired crystal structure in the solid-state electrolyte. Annealing
conditions, including temperature, duration, and atmosphere,
play a critical role in determining the final electrochemical
performance of the material. This step is vital for achieving
optimal ionic conductivity and stability in the solid-state
electrolyte.

3. PRECURSOR REAGENT STOICHIOMETRIES

Excessive studies of Li,S—P,S; systems processed in
acetonitrile (ACN) have provided insight on the importance
of molar stoichiometries of the chemical precursors on the
system. Accordingly, these stoichiometries can be adjusted to
obtain SSEs with unique crystalline phases, such as Li,P,Sq,
Li;P3S,;, or f-Li;PS, when processed in ACN. By adjusting the
molar stoichiometries of the precursor reagents the mechanism
of formation of the SSE changes depending on the relative
abundance of Li,S to P,S;. The balanced reactions that
generate these known crystalline phases from ACN solvent
processes are listed in Table 1.

3.1. 50Li,S-50P,S;. In ACN, S0Li,S-S0P,Ss systems have
been shown to form a highly soluble (PS;”), polymer-like
chemical intermediate at temperatures below 180 °C.
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Table 1. 6, Ionic Conductivities, and Balanced Reactions of
the 3 Main Li,S—P,S; System Processed in Acetonitrile

025°C
(mS cm™)

LPS System Balanced Reaction Reference
SOLi,S-S0P,Ss  Li,S + D,Sc — Li,P,S, 2.5 X 1076 10
70Li,S-30P,S;  3.5LiyS + 1.5P,Ss — Li,PsS;; L5 11
75Li,S-25P,S;  1.5Li,S + 0.5P,S; — fLisPS, 0.3 12

However, at elevated temperatures above 220 °C, conversion
from (PS;7), to a metathiodiphosphate P,S¢*~ occurs through
calcination and is expressed as Li,P,S4 in the crystalline phase
of the SSE.' Significantly, the highly soluble intermediate
formed during the reaction step of this process for 50Li,S-
SOP,S; systems has only been reported in ACN. The limited
information available for this reaction in other solvent types
restricts the understanding of this LPS system during
suspension synthesis.

3.2. 75Li,S-25P,Ss. The initial breakthrough in solution
processing SSEs involving the synthesis of a 75Li,S-25P,S;
system in tetrahydrofuran (THF) reported by Liu et al’
yielded a highly conductive nanoporous material characterized
by the metastable f-Li;PS, phase. This phase has also been
observed when a 75Li,S-25P,Ss system undergoes reaction in
other solvents like ACN, 1,2-dimethoxymethane (DME), ethyl
acetate (EA). Throughout the reaction step, a complexation
phenomenon unfolds, involving interactions between the
Li,S—P,Ss precursors and the solvent. In ACN or DME, this
intricate process was observed to form an intermediary Li;PS,/
solvent complex,"> composed of alternating Li,PS,” and Li'-
solvent layers. Upon heating, this complex undergoes a
transformation, giving rise to the A-Li;PS, SSE. This
transformation has been conceptualized as a result of uniaxial
compression coupled with multidirectional tetrahedral rotation
of the PS, thiophosphate, as per modeling insights.'*

3.3. 70Li,S-30P,Ss. The 70Li,S-30P,S; processed in
solution has been observed as having the highest ionic
conduction of 1.5 mS cm™' at room temperature when
processed in ACN, which is attributed to the crystallization of
Li;P;S,,."" Like the 75Li,S-25P,S; system, the mechanism of
formation for a 70Li,S-30P,S; SSE involves a complexation
between the Li,S—P,5 precursors and the solvent.' 16 A
unique characteristic about the synthesis of a 70Li,S-30P,S;
system is that it is reliant upon both an insoluble Li;PS,/
solvent phase and a soluble (PS;”) phase, like observed in a
SOLi,S-50P,Ss system. This reaction becomes more apparent
when analyzing the molar stoichiometries of both the SOLi,S-
S0P,S; and the 75Li,S-25P,S; systems.

The 70Li,S-30P,Ss system does not contain adequate Li,S
for complete synthesis of a f-Li;PS, phase, however it contains
excess Li,S for the formation of the soluble (PS,”), phase, as
observed in the SOLi,S-50P,Ss system. The mechanism of
formation for the PS,>” was proposed to start with the
formation of (PS;”), in solution, with Li,S and P,S; in a 1:1
molar ratio. The second step incorporates excess Li,S into the
polymer-type structure of (PS;7),, thus breaking the P—S—P
bridges and leading to the formation of PS,*”. Subsequent
complexation with solvent forms a Li;PS,/solvent, which has
been shown to be insoluble when using ACN." Since the
conductivity of a 70Li,S-30P,S; is reliant upon the formation
of Li,P;S;,, the formation of both PS,>~ and P,S,*" is critical.

One proposed mechanism of formation for P,S,*" states that
PS,’” is incorporated into the (PS;™), chain, resulting in chain

cleavage and stabilizing P,S,™* as seen in Figure 2. Upon
annealing, PS,*” and P,S,*” crystallize with 7Li* to form
Li,P5S,,.

P4S+o ﬁ P,Ss
@P\S BUAE Lipd
p(/ | PY P L L
S, TS e
¢ @ S)lf:\ X
Li

Figure 2. (1) P,S,, monomerizes at elevated temperatures to P,S;. (2,
3) Li,S reacts with the unstable P,S; to stabilize the soluble polymer-
like PS;™ and PS,>". (4) PS,™ and PS,*” join to form P,S,*". Adapted
from Rosero et al, 2018."°

Another reported possible mechanism of formation for
Li;P;S,, suggests that the intermediate Li,P,S;, is initially
formed with Li,S and P,S; in a 1:2 molar ratio, respectively. A
lone pair of electrons belonging to the sulfur in Li,S attacks a
P—S bond in the adamantane-like structure of P,S,, and
partially opens the cage-like structure. A subsequent
nucleophilic attack of Li,S further opens the structure and
forms Li,P,S,. Further integration of Li,S into the reaction
separates insoluble Li;PS, from soluble Li,P,S, in solution, as
seen in Figure 3. Following solvent removal, the annealing step
promotes the crystallization of Li,P5S;;."

4. SOLVENT SELECTION

A key aspect of solution-based suspension synthesis of SSEs is
choosing a solvent in which to perform the reaction. Chemical
properties of the solvent such as polarity and molecular
composition have both shown to influence solution processes.
Highly polar solvents like NMF, completely dissociate the LPS
system, while solvents with less polarity like ACN tend to form
LPS/solvent complexes. Solvents containing oxygen tend to be
problematic as they have been reported to introduce impurities
into SSEs, as discussed later on LPSC systems. Likewise, polar
solvents that exhibit acidic behavior toward Li,S or P,S; are
particularly hazardous as they can produce toxic H,S gas, as
observed when reacted with water.

The interactions between LPS precursors, intermediates, and
the solvent also play a pivotal role in determining particle
morphology'”'® and the overall ionic conductivity of the SSE.
A variety of solvents have been analyzed with solution
processing techniques of SSEs including acetates, nitriles,
ethers, and amides. Figure 4 illustrates reported solvents used
during suspension synthesis of LPS systems and their
corresponding molar proportion of Li,S.

Noticeable in Figure 4, ACN has synthesized SSEs with both
the highest and the lowest ionic conductivities of the reported
LPS systems at 0.9 and 0.002 mS cm™, respectively. This
difference is attributed to the molar stoichiometric difference
between the two LPS systems. However, ACN remains as the
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Figure 3. (1) Li,S reacts with P,S,, to form Li,P,S;;. (2) Additional Li,S reacts with Li,P,S;; to form Li,P,S,,. (3) More Li,S reacts with Li,P,S,,

to form Li;PS, and Li,P,S,. Adapted from Wang et al, 2020."°
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Figure 4. Ionic conductivities and reported activation energies of SSEs synthesized in organic solvents with respective Li,S:P,S content: 50:50 in
acetonitrile (ACN),"° 66:33 ethyl acetate (EA),"* 70:30 in acetonitrile (ACN),"" 70:30 in 1,2-dimethoxyethane (DME),” 70:30 in anisole
(ANI)," 70:30 in 1,4-dioxane (DOX)," 70:30 in tetrahydropyran (THP),'” 75:25 in ACN,' 75:25 in DME,'* 75:25 in ethylenediamine
(EDA),*® 75:25 in tetrahydrofuran (THF),* 75:25 in butyl acetate (BA),>' 75:25 in propyl acetate (PA),>' 75:25 in isopropyl acetate (IPA),*'
80:20 in N-methylformamide (NMF).”> Reactions reported without activation energies are referenced only for molar composition and ionic

conductivity of the produced SSE. *Not reported.

solvent that synthesizes LPS SSEs with the highest ionic
conductivity and the lowest activation energy. Comparatively,
most of the other solvents reported synthesized SSEs with
ionic conductivities of almost a full order of magnitude less
than ACN, with a few exceptions such as acetates. Likewise,

BA was reported to synthesize an SSE with higher ionic

conductivity than the other acetates at the same 75:25 molar
ratios.

A trend that was reported by Yamamoto et al. when
synthesizing LPS SSEs in acetate solvents was that the boiling
point negatively correlated to ionic conductivity of the final
SSE. They suggested that the lower the boiling point of the
acetate the easier solvent removal occurs from the SSE, which

https://doi.org/10.1021/acsomega.4c03784
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leads to a purer product with higher ionic conductivity.”!
However, this trend has not been reported in other types of
solvents.

Aside from the previous assessments of ACN and the acetate
solvents, information regarding the types of solvent reported
appears ambiguous. An evaluation of solvent polarity, size,
acidity, molecular composition, and donor number could offer
more insight into these reports. The polarity of a solvent can
be illustrated based on its ability to insulate charges of other
molecules, also referred to as its dielectric constant. Figure 5

1.0
@ACN
0.8
(3
(]
[7p]
\E, 0.6
2 @BA
= QEP
G 0.4
'cg’ QEA
@DME
2 024 OTHF OPA
5 NI
@DOX @EDA
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1 1I0 1(I)0

Dielectric Constant

Figure S. Highest ionic conductivity reported from LPS SSEs versus
the dielectric constant of each solvent used during the reaction step of
the solution process from Figure 4. Dielectric constant of each
respective solvent offers a numerical visualization of the polarity of the
solvent; however, there is no apparent correlation with the overall
ionic conductivity of the synthesized SSE and the dielectric constant
of the solvent. The significant difference between the values of the
dielectric constants of DOX, THP, EDA, and NMF coupled with the
lower ionic conductivity of their respective SSE products suggests that
other chemical properties associated with these solvents, or a
combination of chemical properties and process conditions influence
the synthesis of the LPS SSE more than only the polarity of the
solvent.

expresses the solvents reported in Figure 4 along with the
highest corresponding ionic conductivity reported from the
SSEs synthesized and the dielectric constant of the solvent,
apart from IPA because its dielectric constant has not been
reported.

The trend presented by Yamamoto is apparent, to include
ethyl acetate. As the polarity of the acetate solvents increase,
the ionic conductivity of the SSE decreases. Thus, correlating
the boiling point of acetate solvents and ionic conductivity of
the respective SSE. However, the correlation between boiling
point and ionic conductivities is likely not the case with
solvents other than the acetates. NMF is a highly polar solvent,
which has a solubilizing effect on LPS systems as reported by
Tatsumisago et al.”> The synthesis of $-Li;PS; and Li,P,S,; in
LPS systems is reliant upon complexation between LPS
precursors and the solvent during suspension synthesis, as
discussed later in section 3. Therefore, the complete
dissociation of the LPS system during synthesis will likely
have a negative effect on the ionic conductivity of the SSE.

Not all polar solvents have this effect on the LPS synthesis.
ACN has a dielectric constant of 38, making it more polar than
most of the solvents that were evaluated, yet the highest ionic
conductivities of SSEs reported were synthesized in ACN.
There are a few characteristics about ACN that make it more
unique than most other solvents. ACN is a polar-aprotic
solvent and the smallest nitrile species. The aprotic property of
ACN, means that it cannot reduce LPS to form H,S, while the
nitrile functional group offers sufficient polarity to perform
LPS synthesis and highly conductive SSEs. Little research has
explored the effect that the molecular size of the solvent has on
the suspension synthesis of LPS SSEs. However, Rosero et al.’s
2021 report on the formation of B-Li;PS, using ACN and
DME shows that the size of the solvent does have influence on
the LPS precursor/solvent complex that is formed because the
larger solvents accommodate more molecular volume."*

Furthermore, approaches to solvent selection using higher
donor numbers and polarity have been effective at appropri-
ately choosing solvents that can activate reactions of lithium
polysulfides, but this is not necessarily true with LPS systems.
Matsuda et al. explains that the high reactivity of a LPS system
in ACN cannot completely be attributed to the donor number,
because ACN has a relatively low donor number."” Addition-
ally, Yamamoto et al. showed that a negative correlation
between the polarity of certain acetate solvents and the ionic
conductivity of the SSE for Li;PS, systems can occur due to
weak solvent/precursor interactions.”’ Of all the reported
solvents, ACN has been shown to synthesis LPS SSEs with the
highest ionic conductivity and lowest activation energies.
Contrarily, there still lacks much information regarding the
chemistries of these solution processes and how they are
facilitated by solvent/reagent interactions. Properties such as
polarity and molecular composition of the solvent are
important when performing solution-based suspension syn-
thesis of LPS systems. As well, other factors such as boiling
temperature, reactivity, and toxicity should also be considered
when designing a solution process for LPS SSEs.

5. FACTORS THAT INFLUENCE IONIC CONDUCTIVITY

Apart from selecting a desirable reagent stoichiometry between
Li,S—P,Ss and a solvent to perform the solution-based
suspension synthesis, factors such as reaction conditions,
impurities, and morphology of SSEs can influence the overall
performance of the reaction and the properties of the SSEs
produced.

Lithium sulfide is known to be reactive with moisture in the
air, releasing hydrogen sulfide gas when reacted with water.
Tufail et al. studied the oxide doping on lithium phosphorus
sulfide (LPS) systems and the effects of humid air on Li,P5S;;
electrolytes. They showed that the SSE reacts with water to
produce H,S gas and the oxidized thiophosphate anions
POS,*” and 2HO-PS,, resulting a reduction in electro-
chemical performance of the SSE.” This oxidation process is
illustrated in Figure 6.

Subsequent studies in the sulfide electrolytic system
LigPSCl demonstrated how oxygenated organic solvents like
tetrahydrofuran and ethanol in the presence of LiCl can react
with the chemical precursor P,Ss in a nucleophilic reaction
incorporating oxygen and forming lithium phosphates.”* Ring
opening reactions of cyclic ethers like THF in acidic aqueous
conditions are well-known, which can lead to diols and alkyl
halides through a 3-step reaction: protonation, Sy2 reaction,
deprotonation. In the report of Matsuda et al,, they showed
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Figure 6. Anion thiophosphates PS,*~ and P,S,*” oxidized by water
to form H,S gas, POS;*~, and HOPS,*~. Adapted from Tufail et al,,
2021.%

that the ring opening of THEF is stabilized from an interaction
between both ethanol and LiCl. The strong electronegative
character of CI” attracts the H of the formed hydroxide
exposing the O”. The oxygen then attacks the phosphorus of
P,S; leading to oxidation of the phosphorus to PO,*", Figure 7.
The same report illustrated a similar mechanism using
propanethiol, LiCl, and THP which also led to the formation
of PO,’", thus introducing impurities into the SSE and
adversely impacting the performance of the electrolyte.

The solvent facilitated oxidation in Li,S—P,S; systems is less
explored than its’ cousin, the argyrodite-type SSE, however
these reaction systems share precursor chemicals such as Li,S
and P,S;, as well as types of solvents, which lends credence to
the postulate that oxygenated solvents have the capability to
oxidize precursors and intermediates during reactions of Li,S—
P,S; systems. Subsequently, these reactions will lead to
impurities in the SSE and reduced electrochemical perform-
ance.

The reduction or prevention of oxide impurities from
occurring in sulfide SSEs is pivotal when generating high-
performance electrolytes, however other impurities formed
from undesirable reactions can occur from excess temperatures
even without contaminated solvents or exposure to air.

There exists little information on the effects of reaction
temperatures in solution-based suspension synthesis of Li,S—
P,S; SSEs, with most reported experiments occurring between
25 and 60 °C coupled with ultrasonic irradiation or magnetic
stirring." "> %'*?52% However, annealing temperature studies
have been performed on sulfide SSEs from both the
mechanical and solution-based suspension synthesis. Wei et
al. performed annealing studies on the 70Li,S-30P,S; system
synthesized via mechanical ball milling. During their experi-

ments, they observed that the highest ionic conductivity was
optimal at an annealing temperature of 250 °C. Above this
temperature they reported the loss of sulfur resulting in the
formation of a notable amount of Li,P,S within the SSE.*’
This sublimation of sulfur and generation of undesirable
Li,P,Ss impurity has been observed in many instances, all
yleldm a reduction in ionic conductivity of the synthesized
QSR 162628

Li,P,S4 can be easily identified in the Li,S—P,Ss system by
Raman and nuclear magnetic resonance spectroscopy. Li,S—
P,S; systems with 70:30 and 75:25 respective molar
stoichiometries containing Li,P,Ss produce a visible Raman
band at approximately 390 cm™' in addition to the bands
representing PS> (417-419 cm™) and P,S,*~ (400—404
cm™!). Raman spectra of ideal Li,S—P,S; SSEs devoid of
Li,P,S; are illustrated in Figure 8a (50:50), 8c (70:30), and 8e
(72,25). Corresponding spectra for samples containing Li,P,S,
with 70:30 and 75:25 (Figure 8d and 8f) molar stoichiometries
show the presence of the Raman band associated with P,S¢*",
which is commonly observed in samples annealed in excess of
250 °C. The SOLi,S-50P,S system is the only system that may
require the additional verification using solid-state *'P NMR
because a primary Raman band for P,Ss*™ and P,S¢*~ occur at
relatively similar positions between 385 and 390 cm™, as
visualized in Figure 8b and 8d.

Another reported benefit of solution-based suspension
synthesis of sulfide SSEs is the ability to have better control
over particle size and morphology than mechanical processing.
Liu et al.’s reported SSE particles synthesized in THF obtained
a uniform rectangular morphology ranging in size from 10 to
30 pm,” similar to the rectangular morphology of SSE particles
synthesized in DME by Rosero et al.'* Liang et al. was able to
synthesize nanoflake particles from 75Li,S-25P,Ss with
controlled thickness between 8 and 50 ym in ACN by a
dissolution—precipitation technique. By decreasing the con-
centration of the SSE during the dissolution—precipitation
process, nanoflake layers would precipitate with reduced
thickness onto the active material being coated."’

Zhou et al. designed a suspension synthesis method that can
tailor amorphous SSE particle size for systems with 70:30 and
75:25 molar proportions of Li,S:P,Ss. In this method, they
showed that by decreasing the reaction concentration of LPS
in EA from 40 to 10 mg/mL and selectively tuning the
evaporation temperature of the solvent between 80 and 150
°C, the SSE particle size could be controlled down to 100 nm
in size. However, Zhou et al.’s report highlighted an important
aspect of SSE particle size and morphology; the highest ionic

/\OH + LiCl

O

O Lt -
O-P-0  -——
Li" o Li* c)

QUL

Figure 7. Solvent facilitated oxidation of P,S; from nucleophile intermediate in 3-step mechanism: (a) ng opening of THF stabilized by LiCl and
ethanol, (b) nucleophilic substitution of sulfur for oxygen in P,Sg, and (c) full oxidation of P,Ss to PO,>™ units. Adapted from Matsuda et al. o
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Figure 8. Raman spectra between 350 and 450 cm™ for a SOLi,S-
50P,S; mixture (a) in ACN and (b) after annealing at 220 °C;"°
70Li,S-30P,S; synthesized in ACN and annealed at 220 °C (c)
without P,S,*~ contamination and (d) with P,S,*~ contamination;*®
75Li,S-25P,S; synthesized in ACN and annealed at 220 °C (e)
without P,S;*~ contamination and (f) with P,Ss*~ contamination.

conductivity is not always observed from the SSEs with the
smallest particle size. They suggest that the smaller the particle
size, the more grain boundaries may exist, which can decrease
the ionic conductivity, so there should be a balance between
particle size and conductivity of the SSE to have good
mechanical and electrochemical properties.'”

Our Perspective. Since the introduction of solution-based
suspension synthesis of SSEs, research into this field has only
progressed moderately and there still lacks fundamental
information about these reaction processes. From the
investigations reported in this review there are some key
takeaways worth further discussion.

The most reported reaction of LPS in suspension synthesis
is 75Li,S-25P,S;, from which the SSEs synthesized have almost
all been identified as B-LizPS,. Even though most of the
reported experiments identified the same phase in the final
SSE, the ionic conductivities varied by an order of magnitude
or more in some cases, which may be an effect of varied SSE
morphology and size. The chemical properties of the solvents
have been shown to control the morphology and size of the
SSE particles which both contribute to the ionic conductivity.
The interaction between most of the reported solvents and the
precursors are still yet to be examined in detail, however
aprotic solvents with low boiling points and moderate polarity,
such as ACN and acetates have been shown to produce LPS
SSEs with the highest ionic conductivity, all while being able to
control the morphology and size of the SSE particles.

The reactions of LPS in suspension synthesis in varied molar
stoichiometries necessitate further investigation. For the LPS
system SOLi,S-50P,Ss reaction in solvent, there has only been
1 report of an experiment performed and it was in ACN. This
is also the only known proportion of LPS to have a soluble
intermediate and has yet to be reported in other solvents. Like
the SOLi,S-50P,S; system, the 70Li,S-30P,S; could use further
evaluation in different solvent and reaction conditions. There
currently exist two proposed reaction mechanisms for
formation of the Li,P;S;; phase that is synthesized in the
70Li,S-30P,S,, both of which are described in ACN. This is
also the highest ionically conductive LPS that has been
synthesized.

To synthesize highly conductive SSEs from LPS, control
over the reaction conditions is imperative. From the reported
experiments the conditions for SSEs with the highest ionic
conductivities were stirred for 24 h at 50 °C or ultrasonicated
for 30 min at 60 °C. As Zhou et al. discussed, the solvent
removal step is critical for controlling the final particle size.'” A
rapid solvent removal at 100 °C was used to synthesize
particles down to 8 nm from a 10 mg/mL reaction solution,
albeit the vacuum pressure was not reported. Lastly, the
temperature of the final annealing of LPS SSEs should not
exceed 250 °C, as it can cause the evolution of sulfur and cause
the formation of the low ionic conductive species Li,P,Sq.

An optimal reaction based on the reported data would be a
70Li,S-30P,S; in a 10—20 mg/mL reaction concentration in
ACN or EA. This would react for 24 h at 50 °C, dry at 100 °C,
and then anneal at a temperature less than 250 °C. The
synthesized SSE should obtain a high ionically conductive
phase of Li,P;S;, with an amorphous particle size between 100
and 200 nm.

B CONCLUSION

In the rapidly evolving field of energy storage, solid-state
batteries are likely the next generation technology that can
offer improved performance and safety over current conven-
tional lithium-ion batteries. Sulfide-based solid-state electro-
lytes are contenders for enabling breakthroughs in solid-state
battery research with LPS systems exhibiting exceptional
electrochemical and mechanical properties.

Current processing techniques for the generation of sulfide
SSEs are energetically consumptive with prolonged processing
times. However, solution-based suspension synthesis LPS SSEs
mitigates time and energy constraints by reducing reaction
temperatures and processing times. Even though this type of
solution processing is likely scalable, the underlying reaction
mechanism associated with these synthesis techniques are still
not well-understood. This review briefly discussed what
solution-based suspension synthesis of LPS systems is and
how it can be performed. Here we also evaluated key factors
that influence the process and performance of final SSEs
including molar stoichiometries, solvent selectivity, reaction
conditions, impurities, and SSE morphology. Lastly, we
provide our perspective on what an ideal solution-based
suspension synthesis would be based on combined reported
data.

Additional studies are needed to help understand the
reaction conditions including how temperature influences
chemical intermediates in solution and how solvents help
facilitate these reactions in different molar stoichiometries of
LPS precursors.
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