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Abstract

Solid sulfide electrolytes hold great promise for making all solid-state batteries a reality.
Therefore, their wet chemical synthesis has become increasingly important in recent years due
to various benefits such as scalability and versatility. LisPS4 electrolyte has a relatively high
ionic conductivity (=10 S.cm™ at 25°C) and can be synthesized in various organic solvents
by reacting Li2S and P>Ss. It is well known that the choice of the solvent is critical for the
synthesis. Herein, we investigated several new organic polar solvents such as sulfur-based
solvents (propanethiol, thiolane, thiophene), amines and carbonyls (esters, carbonates,
ketones) for the synthesis of LizPSs. The relationship between the ability to perform the
reaction, the ionic conductivity and the solvents’ characteristics revealed that the electronic
density of the polar function plays a key role. The results of this study can be used as a
guideline to select new synthesis solvents. We also identify a particular solvent, isobutyl

isobutyrate (IBIB), which allows the decomposition of the corresponding LizPS4 solvato-
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complex below the boiling point of the solvent with one of the highest ionic conductivities for

the wet chemical method (2.1 X 10 S.cm™ at room temperature).

Keywords: Wet  chemical  synthesis, solid  electrolyte,  LizPS4, solvent



Introduction

For many years now, research has been carried out to achieve new generations of more
efficient and safer batteries. Indeed, current Li-ion batteries use organic liquid electrolytes that
are flammable, harmful and can lead to cell explosion (/). Therefore, several research groups are
developing all-solid state batteries with expected higher energy density, reliability and improved
safety thanks to the use of solid electrolytes based on polymers, inorganic phases or hybrid
electrolytes (2). Among inorganic electrolytes, sulfide based materials present some advantages
such as a high ionic conductivity (> 10 S.cm™) and cold densification due to a high ductility (7).
This category includes the Li»S-P>Ss system (LPS) with LizPS4 (3) and Li7P3S11 (4), as well as
argyrodites LisPSsX (LPSX, X = Cl, Br, I) (5), and LisxGeixPxSax (LGPS) (6). These materials
are usually prepared by a melting-quench method or mechanochemical synthesis, which allows
to obtain the phases with a good purity and high ionic conductivity. However, such syntheses are
time-consuming and energy intensive, limiting their scalability (/). To address this issue, several
research groups attempt to synthesize these phases by the liquid route: LPS (7-10) ; LPSX (/-
14) ; LGPS (15, 16).
In the case of Li3PSs, the first liquid phase synthesis was performed in tetrahydrofuran (THF) by
Liu et al. (9). They stirred a suspension of Li>S and P2Ss (molar ratio =3 : 1) in THF during 24 h
at room temperature and obtained the intermediary solvato-complex compound LizPS4-2THF.
After heat treatment, the pure B-Li3PS4 phase was obtained with an ionic conductivity of 1.6 X
10* S.cm™ at 25°C. Calpa et al. (17, 18) reported the use of acetonitrile (ACN) to synthesize -
Li3PS4 and suggested a mechanism for its formation. THF (79, 20) and ACN (21, 22), have
become usual solvents for LPS wet synthesis, along with 1,2 dimethoxyethane (DME) (/8) and

ethyl acetate (EA) (23, 24). However, the precursors (Li2S and P»Ss) are poorly or not soluble in



such aprotic polar solvents. As a consequence slow reaction kinetics are observed because the
reaction takes place only on the surface of Li2S particles (7). To overcome this, other solvents
have been investigated, including amines which can fully dissolve the precursors thanks to their
protic nature (25, 26) . Ito et al. (25) synthesized Li3PSs4 by mixing LixS and P>Ss in
ethylenediamine (EDA) for 3 h at room temperature. After solvent evaporation at 200°C, a heat
treatment was performed at 260°C to obtain B-LisPSs (6 = 5.0 x 10 S.cm™). However, the
products obtained using protic solvents exhibit low ionic conductivity, which has been attributed
to impurities that crystallize along with the B-Li3PS4 phase (26).

Despite all these studies, the effect of the solvent on the solvato-complex formation, on its
decomposition and on the resulting material’s ionic conductivity remains unclear, as does the
reason why THF is the optimal solvent for the wet chemical synthesis of LizPSs. Several
attempts have been made in the literature, to explain the ability to form LizPS4 in suspension by
studying solvents properties. For example, Matsuda et al. studied the impact of solvents’
electronic density on the LisPS4 formation by using solvents with different carbonyl moieties
(carbonate, acetate and ketone) (23). Takahashi et al. (27) examined the effect of the solvents’
boiling point on the resulting materials’ ionic conductivity. They showed a relationship between
the crystallinity of the LizPS4 phase and the boiling point of the solvent used for the synthesis.
They concluded that low boiling point solvents mainly lead to an amorphous structure after
decomposition of the solvato-complex. In wet chemical synthesis, LisPS4 materials show better
ionic conductivity for poor crystallized phases (/, 27). Yamamoto et al. compared several
acetates (EA, butyl acetate (BA) or propyl acetate (PA)) to establish a correlation between
measured ionic conductivities, Hansen parameters (polarity, hydrogen bonding) and solvents’

boiling point. They observed an impact of the coordination of the PS4* tetrahedra by the solvent



and found that a low coordination number is beneficial to the ionic conductivity (BA, =5 X 10
*S.cm™). They attributed the low coordination number of PS4* with BA to its poor affinity with
Li3PS4. This low coordination induces decomposition of the solvato-complex to B-LizPSs4 at a
temperature below the solvent’s boiling point leading to a poor crystallinity of LizPS4 and the
highest ionic conductivity for wet chemical synthesis method. The LizPS4-BA solvato-complex is
the unique case of early decomposition in the literature. Similarly, Gamo et al. (21) benchmarked
the synthesis of Li7P3S11 in various solvents to understand the impact of different parameters
such as boiling point, steric hindrance or dielectric constant. In fact, many papers indicate some
parameters (28) such as the boiling point (8, 27, 21), dielectric constant (2/) or Hansen’s
parameter (8) as key parameters for LPS synthesis, but no link has been established in the
literature between these parameters and comparisons were only performed on a limited number
of chemical families of solvents (esters, amines).

In this work, we studied various new solvents with different properties to synthesize LizPS4 and
assessed the resulting ionic conductivities. We aimed at establishing a connection between the
different properties (polarity, dielectric constant, boiling point, functional group) of the tested
solvents as well as previously reported solvents. These properties determine the ability to form a
solvato-complex during the wet synthesis and impact its further decomposition, as well as the
ionic conductivity measured on the final material.

Therefore, different functional groups derived from previously reported syntheses were tested
such as esters, ketones, amines and alkyl carbonates. We also introduced sulfur based functional
groups such as thiols, thioethers and one sulfone which have not yet been tested in the wet
chemical synthesis of Li3PS4. Through our research, we succeeded in identifying a new solvent,

isobutyl isobutyrate, which allows the crystallization of the B-LizPSs phase at a lower



temperature than its boiling point and leads to one of the highest measured ionic conductivities

for this kind of synthesis method.

Methods

All solvents: n-butylamine (Alfa Aesar, +99%), 1-3 diaminopropane (Aldrich, 99%), 1-
propanethiol (Thermo scientific, 98%), tetrahydrothiophene (Aldrich, 99%), thiophene (Aldrich,
+99%), dimethyl disulfide (Aldrich, 99%), sulfolane (Thermo scientific, 99%), propylene
carbonate (Aldrich, 99%), dimethyl carbonate (Aldrich, 99%), isobutylisobutyrate (Thermo
scientific, 98%), methylisobutylketone (Supelco, 99%) were dried with activated 3A molecular
sieve before use. Sulfide precursors Li>S (Aldrich, 99.98%) and P»Ss (Aldrich, 99%) were used
as received. All processes were performed under argon atmosphere (glove box; H>O < 0.1 ppm;

02 <0.1 ppm) to avoid hydrolysis of the sulfide materials and their precursors.

Solvents Molecular structure Tope (°C) 5, (MPa*?) € HpX 10% (c.m)
N
n-butylamine 78 4,75 35,09 4,64
NHy
1-3 Diaminopropane / 139 - 12,5 6,14
HaN
1-Propanethiol HaC
(PSH) xSH 68 6,3 5,95 5,14
Tetrahydrothiophene 5
119 6,7 8,61 6,34
(THT) Q
s
Thiophene (\ /7 84 2,4 2,74 1,8
Dimethyle Disulfide
HaG 8, 110 7,8 9,6 6,62
(DMDS) s—ciy
oLl
Sulfolane Q 285 18,2 43,26 15,6
i,
P { bonat -
ropylene carbonate o 242 18 66,14 16,6
(PC) >~
HiC
Dimethyl carbonate o
90 3,9 3,08 3
(DMC) mc\o,l.o,cm
Isobutyl isobutyrate I I
e o A 145 2,9 4,76 6,5
(1BI1B) < ©
Methyl isobutylketone cH; @ 116 6.1 156 897
(MIBK) SN ' ' '

Table 1 : List of solvents and their parameters



Syntheses

LizS and P2Ss were mixed in the solvents listed in Table 1 for 72 h at 50°C. In most cases, a
dispersion was obtained and was centrifugated at 10000 rpm during 15 min. Then the powder
was vacuum-dried at the solvent’s boiling temperature. With amines, a solution was obtained,
which was evaporated under vacuum at the solvent’s boiling temperature to obtain the solvato-
complex Li3PS4-solvent. The dried powder is then characterized. The drying temperature is set
close to the boiling point of the synthesis solvent for the heavy solvents or below for the volatile
ones: n-butylamine (50°C); 1-3 diaminopropane (140°C), 1-propanethiol (25°C),
tetrahydrothiophene (25°C), thiophene (25°C), dimethyl disulfide (50°C), sulfolane (260°C),
propylene carbonate (120°C), dimethyl carbonate (25°C), isobutyl isobutyrate (120°C), methyl

isobutyl ketone (120°C).

Decomposition of solvato-complexes

The decomposition temperature of each solvato-complex has been determined by
thermogravimetric analysis. Selected solvato-complexes were then decomposed under argon
flow for 4 h at their decomposition temperature to obtain the LisPS4 phase, which was further

characterized.

Analysis
X-ray diffraction measurements were performed with a Brucker D4 diffractometer (40 kV, 40

mA) and a copper anode (Kal = 1,54060 A ; Ko2 = 1,54439 A) at room temperature. The

©

samples were prepared with a transmission device and Kapton™ sheets sealed with vacuum

grease. This setup generates a characteristic amorphous signal between 15° and 30° (Supporting



info 1 (S1)). LioS and B-Li3PS4 structures were indexed with the PDF cards n°00-026-1188 and
n°04-010-1784 respectively.

Raman spectroscopy was performed with a Renishaw spectrometer (confocal lens and 532 nm
laser). Some compounds subject to fluorescence were analyzed with a 1064 nm laser. The laser
power used is 0,75 mW and 43 mW for the 532 nm laser and 1064 nm laser respectively.
Hermetic glass cells were used to make the measurements under argon at room temperature.

Thermogravimetric analyses were carried out using a Mettler TGA-DSC-1 instrument in an
alumina crucible under nitrogen flow at a rate of 25 mL/min up to 500°C with a heating ramp of
5°C/min. The samples were weighted in the glove box and transported in an air-tight container.
The crucible was then swiftly introduced with N> flowing through the chamber. The air
exposition of the sample was less than 10 sec.

Ionic conductivity measurements were carried out by electrochemical impedance spectroscopy
(EIS) using a BioLogic MTZ-35 impedance analyzer connected to a Sphere Energy 8 mm
diameter cell. The powder was directly densified within the cell at 390 MPa between two
blocking electrodes (stainless steel) for 5 min at room temperature. EIS measurements were
performed at this pressure at 25°C with the following acquisition parameters: DC potential 0 V,
AV = +60 mV, frequency range 1 MHz - 1Hz. The voltage perturbation was chosen to enhance
the signal to noise ratio.

Atomic charges were obtained from a Mulliken Population Analysis based on structures
optimized within the framework of Density Functional Theory (DFT) as implemented in the
DMol3 package (29, 30). We used the hybrid exchange-correlation functional from Becke-Lee-
Yang-Parr (B3LYP) (31, 32) and a double-numerical basis including a polarization d-function.

The convergence criteria for electronic structure calculations were 2.0 x 10~ Ha for the energy



and 1.0 x 10° a.u. for the electron density. Geometry optimizations were considered to be
converged when the energy between cycles was below the 2.0 x 10~ Ha threshold and either the
maximum force or the maximum displacement below 4.0 x 102 Ha/A and 5.0 x107 A,

respectively.

Results & discussion
Several studies have highlighted the reaction path for the formation of the Li3PS4 phase (78,
19, 9). Basically, the reaction of Li>S and P»Ss takes place with a 3:1 molar ratio within polar

(mostly aprotic) solvents. It can be described by the following three-step mechanism:

solvent

(1) Li,S+ P,Sg —— Li,P,Sg - xSolvent
lvent
(2) Li,P,Sg - xSolvent + 2 Li,S i Li;PS, - xSolvent

(3) LizPS, - xSolvent é, LizPS,
The first step (eq 1) entails the formation of the intermediate solvato-complex Li2P>S¢-xSolvent
through the equimolar reaction of Li>S with P2Ss (7/9). This intermediate is soluble and its
formation isn’t the limiting step of the reaction. Therefore, this reaction is usually complete and
thus the P»Ss is totally consumed when the solvent allows the reaction. The second step (eq 2) is
the reaction of the two remaining equivalents of Li>S with the intermediate solvato-complex
(limiting step) to form the final solvato-complex Li3PS4-xSolvent. Due to the poor solubility of
the Li>S precursor, this reaction takes place on the surface of Li>S and so the size of initial Li>S
particles determine the size of the final compound (33). Therefore, the presence of unreacted
LizS after the reaction is usually a sign of slow reaction kinetics and unfinished reaction. The last

step (eq 3) is the thermal decomposition of the solvato-complex to obtain the LizPS4 phase.



Depending on the annealing conditions, the crystalline B phase or an amorphous phase can be
obtained (9, 8).

Based on this mechanism, we first assessed the formation of the LizPSs-xSolvent solvato-
complexes in the different solvents. The tested solvents and their properties are listed in table 1.
All syntheses were performed at 50°C for 72 h to ensure the reaction completion. For
comparison purposes, the synthesis was carried out in tetrahydrofuran (THF) and acetonitrile
(ACN), using the reported conditions (9, /8). The Raman and XRD characterizations presented
in Figure 1G and 1H confirm the formation of Li3PS4-:2THF and LisPS4:2ACN in agreement
with the references (9, 18, 20).

Figure 1A and 1B present the Raman spectra and XRD diffractograms of the powders obtained
with two amino solvents. In the case of n-butylamine, the P»Ss signature is not present, showing
that the formation of the solvato-complex Li2P2Se-xsolvent in step 1 has indeed taken place. The
formation of the PS4> units is confirmed at 419 cm™ by Raman spectroscopy (Figure 1A) (20).
The XRD pattern shows the presence of an unknown crystal structure, that could not be
identified in the ICDD database Figure 1B), as well as that of LizS. It is noteworthy that only a
few crystal structures of solvato-complexes such as LizPS4-ACN (Figure 1H) (/7), LisPS4-DME
(18), Li3PS4-EDA (26) and LizPS4-2NMF (34) have been fully resolved. Also, for other solvents,
it is common for XRD patterns of powders to reveal unknown crystalline structures which are
converted to B-Li3PS4 or amorphous LizPS4 upon annealing (8, 35, 36). Therefore, the formation
of a new crystallized solvato-complex is mainly deduced from the dissimilarity to other known
XRD patterns and the presence of PS4> units in Raman spectra. The XRD peak at 6.5° 20 could

indicates the presence of a lamellar solvato-complex similar to those induced by THF (Figure

10



1H) (9, 20) and acetates (7). The formation of the LizPS, - xSolvent solvato-complex is a two-

step process.
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Figure 1 : Raman spectrum (A, C, E) and XRD data (B, D, F) of Li3PS4+-xSolvent after syntheses

compared to the established synthesis’ solvents: THF and ACN (G, H).

The powder obtained in diaminopropane is a mixture of an unknown crystalline phase and traces
of Li2S. This phase is probably a solvato-complex structure between Li3PS4 and diaminopropane.
Given the strong fluorescence background in Figure 1A, no conclusion can be drawn from this
Raman spectrometer equipped with a 532 nm laser. An additional RAMAN analysis using a
1064 nm laser (S2) has been performed and confirmed Li3PSs formation with a peak at 421 cm™.
XRD analysis (Figure 1B) of the phases synthesized in the amino solvents shows the
characteristic signature of the LiS precursor. The amino solvents form a relatively stable
complex with P>Ss (green solution) (25, 70) which may explains the lower reactivity of this

precursor and the presence of residual LizS.

Figure 1C and 1D present Raman spectra and XRD patterns, respectively, of powders obtained
with sulfur-containing solvents. For the synthesis in propanethiol (PSH), the Raman spectrum
exhibits the characteristic peak of PS4>~ at 421 cm™! with two other peaks at 374 cm™ and 400 cm™
! which can be attributed to Li»S and P2S¢>, respectively (/). Moreover, the two wide peaks in
the network vibration zone (150 cm™ — 300 cm™) could suggest an amorphous structure of
Li3PS4 (20). XRD analysis only shows the presence of Li>S (Figure 1D). Thus, a vacuum drying
step at the PSH boiling point (68°C) induces an amorphous phase by decomposing the solvato-
complex. Since LizS is less responsive in Raman spectroscopy than in XRD (7), we can deduce
that a significant amount of Li,S did not react due to slow reaction kinetics.

In the case of tetrahydrothiophene (THT), despite its similarity to THF, only the presence of Li>S

was observed by XRD (Figure 1D). The PS4>" unit was however detected in Raman spectroscopy

13



(421 cm™) along with P2S7* units (407 cm™) (7). This can be explained by a decomposition of
the solvato-complex at the drying temperature, by analogy with the previous PSH case. Here, the
formation of P2S7* may be due to a reaction occurring during drying between LizPS4THT and
residual Li2P2Se-'THT that may not have been eliminated by centrifugation (/9). The difference
in reactivity between THF and THT as solvents may be due to the higher electronegativity of
oxygen compared to sulfur, imparting higher interaction of Li3PSs with THF than with THT.

In thiophene, it appears that the reaction between Li>S and P»>Ss does not take place, since only
the reactants are detected by both XRD and Raman spectroscopy after 72 h of reaction (Li2S and
P>Ss at 375 cm™ and between 150 cm™ and 275 cm™! (37) respectively). Actually, the presence of
P>Ss means that no reaction occurred because the formation of the first solvato-complex (step 1)
Li2P2Se.x Solvent is generally fast (/9). The lack of reaction between Li>S and P2Ss was also
observed in furan, which will be further reported in a forthcoming publication. The fact that
thiophene and furan are the only solvents tested in which no reaction occurs may indicate that
compounds with an aromatic ring are not suitable candidates for Li>S-P>Ss reaction.

In dimethyl disulfide (DMDS), XRD analysis of the solid obtained indicates that the crystalline {3
phase has indeed been formed as well as an unknown structure. Traces of unreacted Li>S are also
detected (Figure 1D). The Raman spectrum confirms the presence of Li»S and PS4>" (422 cm™).
However, the peak at 410 cm™ (Figure 1C) is rather low to be attributed to PS4* units and too
high to match P»S7* units. This environment is probably originated from the unknown crystalline
phase detected by XRD.

With sulfolane, the results are difficult to interpret because the X-ray pattern (Figure 1D) is

mostly amorphous with no characteristic peaks. The Raman spectrum (Figure 1C) shows a single

14



peak at 494 cm™ which is not related to the PS4>" unit. We can only conclude that this solvent

does not seem relevant for the wet chemical synthesis of LizPSa.

Figure 1E and 1F show the results obtained for solvents with carbonyl functions. Let’s
consider alkyl carbonates. In DMC, a mixture of solvato-complex and B-phase is obtained, and
traces of Li,S are detected. This mixture can be explained by a degradation of the solvato-
complex by the solvent during the 72 h of reaction. Indeed, Shimamoto et al. (38) indicate that 3
Li3PS4 and alkyl carbonates tend to react together to form LizS, a reaction that is accompanied by
solvent decomposition (CO; formation). Production of CO; probably occurred under our reaction
conditions, as evidenced by the ejection of a cap due to pressure buildup after around 4 h of
stirring. This implies a degradation involving the DMC solvent and the solvato-complex.

In PC, the same phenomenon takes place and the reaction leads to an amorphous phase with no
trace of LixS (Figure 1E). Strong fluorescence during Raman acquisition prevents any
confirmation of Li3PS4 formation.

Synthesis in methyl isobutyl ketone (MIBK) results in the formation of a poorly crystalline
structure which may be assigned to a solvato-complex and/or an amorphous phase (Figure 1F).

3" units (Figure 1E).

The Raman spectrum presents a poorly defined environment of "PS4
Finally, isobutyl isobutyrate (IBIB) allows the formation of the B-phase without any impurities
as shown in the XRD diffractogram (Figure 1F). That is confirmed by Raman spectroscopy with
a unique PS4>" environment (422 cm™), network vibrations (200 — 300 cm™) and a peak at 174
cm’! corresponding to the crystalline phase B-LisPS4 (20). The drying temperature (120°C) seems

to be sufficient to decompose the solvato-complex. Therefore, the synthesis was reproduced with

a drying step at room temperature instead of 120°C. XRD and Raman analyses (S3) confirm the

15



formation of a LizPS4.xIBIB solvato-complex structure without any impurities. The XRD pattern
shows an amorphous phase with no traces of Li>S while the Raman spectrum attests to the
formation of the PS4 units with a peak at 422 cm’!. Thermogravimetric analysis (Figure S3)
shows a first mass loss at 100°C before the boiling point of IBIB (120°C). This means that the
solvato-complex LizPS4-xIBIB decomposes below the boiling point of the solvent. This behavior
is similar to the work of Yamamoto ef al. with butyl acetate where the bulkiness of the solvent
leads to a poorly crystallized solvato-complex which decomposes below the boiling point of the
solvent (8). The LisPS4.xIBIB solvato-complex was decomposed at 100°C for 2 h
(characterization in S3).

As described in equation 3, the thermal decomposition of the Li3PS4 solvato-complexes leads to
the formation of B- and/or amorphous LizPS4 structure. From the previous XRD and Raman
analyses, PSH, THT, DMDS and IBIB solvents produced either crystalline or amorphous LizPS4
without additional heat treatment, while thiophene didn’t allow the reaction between LixS and
P»Ss. Therefore, only compounds presenting a solvato-complex structure were annealed to be

decomposed into the 3 phase.
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Figure 2 : XRD patterns of powders after heat treatment of n-butylamine (135°C) , 1-3

diaminopropane (255°C), DMC (300°C) and MIBK (220°C) syntheses.

The annealing temperatures were first determined by TGA. Indeed, upon annealing, the major
mass loss corresponds to the elimination of the solvent molecules within the crystalline structure
of the solvato-complex. Therefore, annealing temperatures were chosen in agreement with the
principal mass loss relevant to the solvent removal (S4). The powders recovered after synthesis
in butylamine, diaminopropane, DMC and MIBK were annealed at 135°C, 255°C, 300°C and
220°C respectively for 4 h. XRD patterns after annealing (Figure 2) show amorphous structures
in the case of n-butylamine, DMC and MIBK while B-Li;PS4 was obtained in the case of
diaminopropane. Strong fluorescence occurred with these annealed samples in Raman
spectroscopy analysis at 532 nm. Additional Raman analysis was performed with a 1064 nm
laser, which shows the presence of PS4 units (421 cm™) and a peak characteristic of B-LizPS4 at

173 ecm™ for diaminopropane. An amorphous structure (two wide peaks between 150 and 300

17



cm™) was observed for n-butylamine (S2). It is worth noticing that the characteristic peaks of
Li,S are still visible on the diffractograms of the powders synthesized in amines and DMC due to
incomplete reaction.

Electrochemical impedance measurements were performed after annealing or after synthesis
for the solids prepared in solvents leading directly to LisPSs formation (PSH, THT, DMDS, PC
and IBIB). All Nyquist plots are presented in supporting info S5. The ionic conductivities at
25°C are reported in table 2. Solids obtained in DMDS, DMC and PC exhibit negligible ionic
conductivities. Compared to the other samples, IBIB combined with a low decomposition
temperature leads to the material giving the highest ionic conductivity (2.1 X 10 S.cm™ at
25°C), which is higher than the values with THF (1.1 X 10* S.cm™!) and with ACN (5.5 x 107
S.cm™) as solvents and reproduced from the literature in our labs. To the best of our knowledge,
this ionic conductivity is the third highest for -LizPS4 obtained by wet chemical synthesis after
the reported works of Yamamoto et al. (c25.c = 5.1 X 10 S.cm™") and Marchini et al. (c2sec = 2.
2 X 10* S.cm™). To support the fact that the ionic conductivities are mainly driven by the choice
of the solvent and the reactivity of the Li>S-P>Ss system, packing density of several pellets was
measured (table S1). The packing densities of materials synthesized in n-butylamine, PSH, THF
and IBIB heat treated at 100 °C are respectively 64, 63, 64 and 61 %. Despite similar packing
densities (less than 5% variation), we observe a very large difference of ionic conductivity
(factor 10). It is worth mentioning that while the presence of LiS in the pellet is detrimental to
the measured ionic conductivity, it does not significantly change the packing density of the

pellets since the density of Li3PS4 and Li,S are very close (1,78 and 1,66 respectively).
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Solvents Drying process Results after drying Heat traitment Sl EE Y
{under vaccum) (S.cm-1)
. solvato-complex +
n-butylamine 5H at 50°C Lis 4H at 135°C (Ar) 1.55 % 107
2
L solvato-complex +
1-3 diaminopropane 5H at 140°C LisS 4H at 255°C (Ar) 7.58 x 10
I
PSH 4H at 25°C amorphous + Li,S untreated 2.00 x 10°
THT 4H at 25°C amorphous + Li,S untreated 7.93 x 10°®
Thiophene 4H at 25°C no reaction untreated not measured
unknown phase + .
DMDS 4H at 50°C . . untreated non-conductive
B Li;PS, + Li,S
Sulfolane 3H at 260°C no reaction untreated not measured
PC 13H at 120°C amorphous untreated non-conductive
solvato-complex + ]
DMC 4H at 25°C . . 4H at 300°C (Ar) non-conductive
B Li;PS, + Li,S
IBIB 4H at 120°C B LisPS, untreated 3.82 x 107
IBIB 4H at 25°C Solvato-complex 2H at 100°C (Ar) 2,1x10*
MIBK 5H at 120°C solvato-complex 4H at 220°C (Ar) 2.18 x 10°
and/or amorphous
THF 4H at 25°C Solvato-complex 4H at 100°C (Ar) 1,1 x10*
ACN 4H at 25°C Solvato-complex 4H at 200°C (Ar) 5,5x10°

Table 2 : Summary of syntheses and ionic conductivity at room temperature of powders

The ionic conductivity data for the materials obtained in the different solvents are compared in
Figure 3 along with some reaction solvent parameters: boiling point, dielectric constant, Hansen
parameter and electric dipole moment. Compounds with low conductivity (DMC, DMDS and
PC) are not shown, and some data from the literature were added to complete the comparison :
EA Yamamoto ef al. (§) and EDA Ito et al. (25), DME Calpa et al. (18), anisole Maniwa et al.
(36), N-methylformamide (NMF) Teragawa et al. (39) and methyl propyl ketone (MPK)
Matsuda et al. (23). Identifying correlations between the solvent parameters and the ionic
conductivity is difficult because of the Li>S impurity, but it seems that a low dielectric constant

and electric dipole moment as well as a medium Hansen’s polarity parameter tend to promote the
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reaction. The boiling point doesn’t have a direct relationship with ionic conductivity but has an

impact on the energy consumption to obtain a dried powder.
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Figure 3 : Plot of ionic conductivity against boiling point (A), Hansen’s polarity parameter

(B) , dielectric constant (C) and dipole moment (D) of different solvents

Regarding the reactivity in the tested solvents, only IBIB and MIBK with carbonyl functions

allow the formation of LisPS4-xSolvent without traces of Li2S. As described above, IBIB leads to

a solvato-complex which decomposes into amorphous Li3PS4 below the boiling point, similar to

the findings of Yamamoto et al. in butyl acetate (8). Indeed, they reported the solvato-complex

LisPS4.2BA has the ability to decompose at a temperature (100°C) lower than the solvent’s
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boiling point (126°C) to poorly crystallized Li3PS4. The explanation of the low stability of the
solvato-complex is based on the poor affinity of BA with PS4* units, due to its low polarity
represented by the Hansen polarity parameter dp in addition to low solvent molecule coordination
number with LizPS4 motifs. Accordingly, we believe that the unique behavior of IBIB is due to
two factors. First, the Hansen polarity parameter dp of IBIB is 2,9, which is lower than that of
BA (3,7), thus indicating a lower affinity. Second, the steric hindrance of IBIB, which is bulkier
than BA and might further weaken the solvato-complex structure. The ionic conductivity of the
Li3PS4 obtained in IBIB is lower than in BA (2.1 X 10* S.cm™ and 5 x 10 S.cm! respectively)
but the synthesis method is also different. Indeed, in their study Yamamoto et al. used a “liquid
shaking” synthesis technique with zirconia balls while in our case the synthesis was carried out
by standard magnetic agitation. The higher conductivity of the amorphous LizPSs (2.1 x 10
S.cm™) compared to B-LizPSs (3.82 X 10° S.cm™!) obtained in IBIB is in good agreement with

previous works (8, 20, 27).

Dispersion Solution
- > -
IBIB NMF Anisole diaminopropane
DMDS MPK BA _THF butylamine

Thiophene TH@- PSH MIBK EA@S DME EDA

L1 | | Ll L1 11 | Atomic charge

| | 1 | ] I 111 | of heteroatoms
-0,1 -0,29 -0,44 -0,55 -0,73

Figure 4 : Electronic charge of heteroatoms of solvent syntheses

From the results obtained in this study and those reported in the literature, the choice of the
solvent has a critical impact on the Li>S-P>Ss system’s reactivity. This can be explained by the
interaction of the polar function of the solvent with the reactants which is driven by the
electronic density. Hence, the partial charge of the solvent’s functional group is a key parameter

for the reaction between Li>S and P2Ss. This can be analyzed from the Mulliken charge of the
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heteroatoms’ polar function (Figure 4 and Table S2). According to our results, chemical groups
with a nucleophilic function whose partial charge is in the range between -0.44 and -0.55 seem to
be good candidates for LisPSs wet chemical synthesis. Below -0.44 the partial charge is not high
enough to perform a complete reaction, except for the ACN case. On the other hand, a very high
partial charge (-0.73) leads to the full dissolution of the precursors, but the interaction with the
product, and thus its complexation, is too strong for a successful synthesis. Therefore, there is a
trade-off between the interaction of the solvent with the reactant and products that can be

quantified thanks to this descriptor.

The impact of the solvent’s electronic density was previously studied with carbonyl based
solvents by Matsuda ef al. (23). They showed that acetates are better synthesis solvents than
ketones, due to the stabilization of the PS4* tetrahedra by the higher negative charge of the
acetate function. Solids obtained in carbonates does not follow the trend due to residual
impurities which may explain the lower ionic conductivity. In our case, the results with IBIB
(ester) and MIBK (ketone) are in good agreement with Matsuda et al., while the carbonates tend
to react with Li3PS4, releasing CO». The comparison between THT and THF revealed that the
reaction kinetics is slower in the case of THT compared to THF. Indeed, the reaction is not
completed after 72 h at 50°C with THT while it is complete after 24 h at room temperature in
THF. This could be due to the difference of electronegativity between sulfur and oxygen (2.58
vs. 3.44). The Mulliken charge of sulfur is indeed lower than that of oxygen and induces a lower
stabilization of PS4>" compared to other chemical groups such as ester (EA) or ether (THF). This
difference in stability impacts the reaction of Li2P2Se¢-solvent at the surface of Li2S and slows the

kinetics down (eq 2). This is consistent with the systematic presence of residual Li,S after
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reaction in thiol and thioether. It is also highlighted by the fact that despite its protic nature, PSH
doesn’t solubilize Li>S and P>Ss nor the solvato-complex, whereas amines do.

Furthermore, the presence of aromaticity on the thiophene ring doesn’t enable the formation of
the Li2P2Se-xSolvent intermediate and therefore the synthesis of the phase does not occur. This
can be explained by a delocalization of the electron density over the whole molecule rather than
a specific zone such as carbonyl. It thus prevents the complexation of the phase and does not
allow the reaction between Li>S and P>Ss to proceed. These results will be further reported in a
forthcoming publication.

In their study, Gamo et al. (21) suggest that steric hindrance is a limiting factor in the synthesis
of Li7P3S11. In the case of the synthesis of LizPS4, it may not be the most limiting criterion at
least in the considered range of solvent presented here. Indeed, the successful synthesis in IBIB
shows that esters bulkier than acetates and propionates can be used for the wet chemical
synthesis of Li3PSs. The same assessment can be made with amines (1,3-diaminopropane
compared with EDA), ketones (MIBK compared with methyl propyl ketone (MPK) (23)) as well
as ethers (anisole compared with THF). It appears that bulkier solvents lead to a decrease in ionic
conductivity, except for MIBK leading to a higher ionic conductivity than MPK, respectively
2.18 X 10° S.em™ and 3 x 107 S.cm™ (23).

An optimum for LPS synthesis doesn’t exist if one compares all chemical groups. An analysis
of several factors with computer modeling may be helpful. But experimental data such as the
unknown quantity of Li>S after synthesis impacts the conductivity and could distort the results.
Nevertheless, parameters such as boiling point, Hansen’s polarity, dielectric constant and electric

dipole moment can be used only to compare solvents in the same chemical family.
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Another aspect not discussed yet is the synthesis method which can significantly impact the
reaction kinetics and the resulting ionic conductivity. This discrepancy is widely described in the
literature (/, 15, 28). Despite the solvent selection, wet chemical synthesis of LizPS4 in the
literature were conducted using standard agitation mode (9, 18, 25) (this work), liquid shaking
with zirconia balls (8, 7), microwave heating (36, 40) and solvothermal conditions (47).
Therefore, an accurate assessment of the effect of the solvent parameter extracted from the

example of the literature would require a benchmark with the same synthesis method.

Conclusions

In this study we investigated eleven new polar solvents for the wet chemical synthesis of
Li3PS4. Six solvents (IBIB, n-butylamine, 1,3-diaminopropane, PSH, THT, MIBK) allow the
formation of Li3PS4 with a measurable ionic conductivity. From these results, we compared the
solvents on the basis of their ability to perform the reaction and the resulting ionic conductivity.
The electronic density of the polar function of the solvent and more particularly the nucleophilic
function brought by partial negative charge of the heteroatoms is critical for the formation of
Li3PS4. While carbonyl function in esters and ketones (-0.44 to -0.52) are sufficient to stabilize
the PS4> units, the lower charge of sulfur compared to oxygen slows the reaction kinetics.
Moreover, the delocalization of the electronic density due to the presence of aromaticity severely
disturbs the stability of the solvato-complex and prevents the reaction between Li2S and P»Ss.
Among the investigated solvents, IBIB exhibits a similar behavior to that of BA with a solvato-
complex decomposition below the solvent’s boiling point. The compound obtained after heat
treatment at 100°C presents one of the highest ionic conductivities (2.1 X 10* S.cm™) for this

kind of synthesis method.
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Supporting information

XRD pattern of Kapton + vacuum grease; Raman spectra of compounds subjected to

fluorescence with 1064 nm laser; Characterizations (Raman spectra, XRD patterns, TGA and

Nyquist plot) of Li3PS4-IBIB dried at room temperature before and after heat treatment; TGA of

solvato-complexes; Nyquist plots of all the LizPS4 obtained after heat treatment; Calculated

atomic charge of heteroatom of solvents.
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