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Abstract

Preparation of sulfide-based Li-ion conductive solid electrolytes by a liquid-phase
process has been proposed as an effective route for industrial scaling-up. However,
reaction mechanisms in the liquid-phase synthesis or the role of solvents in the
reactions are not yet well understood. Here, the reaction between Li2S and P2Ss in the
composition of 50:50 mol% mediated by a polar aprotic solvent (acetonitrile) was
investigated. The study of the crystal and local structure of the 50Li2S:50P2Ss sample
revealed large chemical changes upon crystallization, highlighting the initial formation
of a polymer-like (PS3™)n intermediate. In the base of the (PS3™)n intermediate, the
reaction pathways for the formation of the P2Se?", PS43", and P2S7*" anions are
elucidated. These findings give a deeper insight into the reaction mechanisms
governing the liquid-phase synthesis of sulfide solid electrolytes and provide more
specific criteria by which to design novel materials with superior characteristics

through this liquid-phase approach.



Introduction

Lithium-ion batteries are proposed as energy storage systems to offer the high energy
density required for applications such as the electric vehicle and renewable energy
storage [1]. However, conventional Lithium-ion batteries possess safety issues
because of the use of flammable organic liquid electrolytes [2, 3]. All-solid-state lithium
batteries using inorganic solid electrolytes instead of liquid electrolytes are expected

to meet the energy density and safety required [4, 5].

Sulfide-based solid electrolytes are promising solid electrolytes for the application to
the all-solid-state battery because they exhibit high ionic conductivity over 1074 S cm™
and have good ductility [6, 7] that facilitates intimate contact with electrode materials.
The synthesis of sulfide solid electrolytes often involves a mechanical milling process.
Although this technique has been useful for the discovery and design of novel
materials [8-10], the size of the mechanical milling jar and the long processing time

required (8-50 hours) limit the industrial scaling-up [11].

During the last years, the preparation of sulfide solid electrolytes by a liquid-phase
process, using organic solvents to promote the reactions, has been investigated as an
alternative to the mechanical milling route [11]. The liquid-phase synthesis is not only
a more facile process for the industrial scaling up, it also offers many advantages in
relation to the main challenges in the all-solid-state battery. It offers the possibility to
form intimate contacts and high surface coverage of solid electrolytes on the electrode
materials by their direct precipitation [12, 13], and also it is advantageous for the

preparation of thin membranes [14].



In 2013, Liang et al. reported that the magnetic stirring of Li2S and P2Ss in
tetrahydrofuran, following by a heat treatment at the relatively low temperature of
140 °C, produced B-LisPS4 with high ionic conductivity of 1.6 x 10* S cm™" at room
temperature [15]. From 2013, several works have reported the successful synthesis
of solid electrolytes containing crystal phases such as the B-LisPSs [13, 16-18],
LizP3S11 [19-22], and argyrodites [23-25] by using different solvents. Moreover, the
LizP2Ssl [26] and LisPSal [27] crystal phases were discovered by using the liquid-phase

approach.

The additional parameters offered by the liquid-phase synthesis, such as the solvent
properties (dielectric constant, donor number, chemical structure, etc.), precursors
concentrations, as well as temperature and time, gives the possibility of new reaction
pathways to find new metastable materials that often exhibit superior properties and
that cannot be obtained by high-temperature synthesis, in which the

thermodynamically most favored products are usually obtained.

Although great attention has been given to the liquid-phase process of sulfide solid
electrolytes during the last years, the reaction mechanisms in the liquid-phase

synthesis or the role of solvents in the reactions are not yet well understood [11, 28].

For example, it is known that the specific anion composition and arrangement in the
structure of the sulfide solid electrolytes play a key role in their ionic conductivity [29].
In the preparation of Li2S-P2Ss solid electrolytes by mechanical milling, the P2Ss
precursor suffers an amorphization, and the formation of the different thiophosphate
units is controlled by the incorporation of the glass modifier Li2S [30, 31]. However, the
reaction mechanism that takes place in the liquid-phase synthesis that leads to the

formation of the different thiophosphate anions is not clear [28].



A better understanding of the mechanism of the reaction for the formation of the
different thiophosphate units will provide more specific criteria by which to design the
reactions pathways to obtain the desired materials or discover new materials through

the liquid-phase synthesis.

In this work, we investigate the reaction between Li2S and P2Ss, by the mediation of
acetonitrile as an example of polar aprotic solvents, that leads to the formation of the
basic thiophosphate anions. Polar aprotic solvents are suitable solvents to avoid

decomposition reactions with the precursors.

Experimental section

Synthesis

Li2S (Mitsuwa Chemical, 99.9%) and P2Ss (Aldrich, 99%) were mixed in anhydrous
acetonitrile (Wako Pure Chemical Industries, 99.5%). Ultrasonic irradiation for 1 hour at
room temperature in an ultrasonic bath (Branson 2200) was applied to enhance the mixing

of the precursors.

The obtained solution was subsequently dried at 100 °C or 180 °C for 3 h under vacuum
to remove the solvent and obtain solid powders. In addition, the sample dried at 180 °C

was heat treated at 220 °C for 1 h.

Solvent evaporation was performed under vacuum. All other processes were performed

in an argon atmosphere to avoid hydrolysis of sulfide materials.



Characterization

The crystal phase and local structure of the sample was examined by X-ray diffraction

(XRD), Raman spectroscopy and 3'P NMR spectroscopy.

XRD measurements were performed using CuKa radiation with an X-ray diffractometer
(Miniflex 600, Rigaku). Diffraction data were collected at 0.01° steps from 10° to 40° in 26.
Raman spectroscopy was performed using a Raman spectrometer (HORIBA XploRA
PLUS Scientific) to identify structural units of the samples. Raman shift was ranged
between 300 cm~" and 3000 cm™.

3P MAS NMR (Magic Angle Spinning — Nuclear Magnetic Resonance) spectroscopy was
performed using an NMR spectrometer (JEOL JNM-ECZ400R) with rotating speed of 11
kHz. 3'P NMR spectroscopy was performed using an NMR spectrometer (JEOL ECX400)

at 400 MHz. All processes were performed under argon atmosphere.

Safety considerations

Li2S caution: Contact with water liberates toxic gas.

P2Ss caution: Contact with water liberates toxic gas.

Acetonitrile caution: Acetonitrile is designated as a poisonous substance under Japanese

law.



Results and discussion

Figure 1 shows photographs of mixtures of Li2S and P2Ss in stoichiometric compositions
of 50:50 mol%, 60:40 mol% and 70:30 mol% in acetonitrile after applying ultrasonic
irradiation for 1 h. Li2S and P2Ss in 50:50 mol% resulted in the formation of a clear yellow
solution (Figure 1a). Mixtures of Li2S and P2Ss in 60:40 mol% and 70:30 mol% resulted in

the formation of whitish suspensions (Figure 1 b and c).

Most of the Li2S-P2Ss solid electrolytes synthesized by liquid-phase containing the (3-
LisPS4 [16-18] and LizP3S11 [19-22] crystal phases have been obtained through the
formation of suspensions. However, to the best of our knowledge, there is no report about
what chemical species in the Li2S:P2Ss stoichiometric composition of 50:50 mol% with high
solubility are readily formed in acetonitrile. Thus, the crystal and local structure of the
50Li2S:50P2Ss sample were investigated by using X-ray diffraction, Raman

spectroscopy and 3'P NMR spectroscopy.

Figure 2 shows the XRD patterns of the 50Li2S:50P2Ss sample a) after drying at 100 °C,
b) after drying at 180 °C and c) after drying at 180 °C and subsequent heat treatment
at 220 °C. After drying at 100 °C, the 50Li2S:50P2Ss sample exhibited a halo XRD
pattern, and thus it was found to be amorphous. After drying at 180 °C, peaks that are
not assigned to known crystals were observed. After heat treatment at 220 °C, peaks

corresponding to the Li2P2Se crystal phase were observed.

Figure 3 shows the Raman spectra of the 50Li2S:50P2Ss sample a) after drying at
100 °C, b) after drying at 180 °C and c) after drying at 180 °C and subsequent heat
treatment at 220 °C. The Raman spectrum of the sample after drying at 100 °C,

exhibited a major band centered at 390 cm~'. Raman bands centered at 235 cm™,



311 cm™, 500 cm™, 560 cm™" and 585 cm™" are not attributed to the PS43~, P2S74~ or
P2Se*~ thiophosphate units, neither to Li2S or P2Ss precursors. The Raman bands
centered at 900 cm™', 1370 cm™', 2200 cm~" and 2900 cm™" are attributed to the C-C
stretch, C-H bend, C=C stretch and C-H bending vibrations of acetonitrile [32, 33]. The
Raman spectrum of the sample obtained after drying at 180 °C, exhibited a similar
spectrum to that of the sample obtained after drying at 100 °C, at the lower Raman
shift region. At the higher Raman shift region, the Raman bands attributed to
acetonitrile were no longer observed. The Raman spectrum of the sample obtained
after heat treatment at 220 °C, exhibited mainly two bands centered at 390 cm™" and
417 cm™, attributed to P2Se?™ units [34]. The most intense peak at around 417 cm™
has been assigned to the symmetric stretching mode of the P-S-P-S ring in the P2Ss?"

units.

Figure 4 shows the 3'P MAS NMR spectra of the 50Li2S:50P2Ss sample a) after drying
at 100 °C, b) after drying at 180 °C and c) after drying at 180 °C and subsequent heat
treatment at 220 °C. The 3'P MAS NMR spectrum of the sample after drying at 100 °C
exhibited a signal centered at 85 ppm. The 3'P MAS NMR spectrum of the sample
after drying at 180 °C, exhibited a signal centered at 83 ppm, attributed to PS3™ chain
units [35]. The 3'P MAS NMR spectrum of the sample after heat treatment at 220 °C,

exhibited a signal centered at 55 ppm, attributed to P2Se?~ units [34].

The study of the 50Li2S:50P2Ss sample allowed to clearly identified the formation of
the Li2P2Ss crystal phase with local structure composed of P2Se?™ units after the heat
treatment at 220 °C. However, the examination of the crystal phase and local structure
after each step of the synthesis allowed to detect large chemical changes during the
crystallization process. The 3'P MAS NMR spectrum of the 50Li2S:50P2Ss sample after
drying at 180 °C (Figure 4b) indicated the formation of PS3™ chain units [35]. The
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slightly difference in the chemical shift in the 3'P MAS NMR spectrum of the sample
after drying at 100 °C (85 ppm) in comparison to the sample obtained after drying at
180 °C (83 ppm) could be ascribed to the presence of remaining acetonitrile molecules
in the sample observed by Raman spectroscopy (Figure 3a) that could alter the
chemical environment of the PS3~ chain units. Based on the results from 3'P MAS
NMR spectroscopy, the major Raman band at 390 cm™', observed in the Raman
spectra of the 50Li2S:50P2Ss sample after drying at 100 °C or 180 °C (Figure 3a and
b) is here attributed to PS3™ chain units. Although, P2Se*" units exhibit a Raman band
located at the same position [36], the formation of P2Se*~ units was not observed by
3P MAS NMR spectroscopy. Because the Raman bands centered at 235 cm™, 311
cm™', 500 cm™', 560 cm™", and 585 cm™" are observed after drying at 100 °C (Figure
3a) but not after the heat treatment at 220 °C (Figure 3c), these bands should relate

to a complex containing acetonitrile molecules, that dissociates at high temperature.

The evaluation of the crystal and local structure of the 50Li2S:50P2Ss sample during
crystallization allowed to elucidate the formation of PS3s™ chain units prior to the
formation of P2Se?~ units and Li2P2Ss crystal phase. This kind of polymeric-like PS3~

chain units can be expected to exhibit high solubility as shown in Figure 1a.

Figure 5 shows the 3'P NMR spectrum of the 50Li2S:50P2Ss solution. The 3'P NMR
spectrum exhibited chemical shifts at 87.1 (singlet), 85.9 (doublet), 63 (triplet), and
53.7 ppm (doublet), confirming that the P atom is found in different chemical
environments as it is expected in the polymer-like PS3™ chain structure. The J coupling
constant of 52 Hz was calculated for doublet and triplet signals, and it is assigned to
the P-P coupling through the P-S-P bonds in the PS3™ chains. The major signal at 87.1

ppm can be assigned to the P atom in the end of group of the PSs™ chain units,



because a similar chemical environment to that of the P atom in the PS43~ units, that

exhibit a 3'P NMR signal at 89-87 ppm [34], is expected.

The ratio of the 3'P NMR signal attributed to the end of group of the PS3™ chain units
(87.1 ppm) to the 3'P NMR signal at 85.9 ppm was 1 to 0.31. However, it was 1 to 0.45
in a 50Li2S:50P2Ss5 solution that was stored for one day. It suggests that a
polymerization reaction proceeds with time. This polymerization reaction can be
expected to also proceed with temperature, which could also contribute to the slight

shift in the 3'P NMR signal with the increase in the temperature (Figure 4 a and b).

The proposed reaction pathway for the formation of the meta-thiodiphosphate P2Se?
anion through the liquid-phase process is illustrated in Scheme 1. It is generally
accepted that the precursor phosphorus pentasulfide, the P4S1 molecule, can
dissociate into the reactive P2Ss under the refluxing of solvents such as acetonitrile
[37]. The P2Ss molecule is in an unfavorable o3A® bonding situation and is unstable
unless the missing forth coordination partner for the phosphorus atom is provided [38].
This strong Lewis acidity in P2Ssis believed to be the reason for the rapid reaction with
Li2S to form high-soluble polymer-like PS3s™ chains. The PSs™ chain units were found to
be stable at or below 180 °C; however, at temperatures above 220 °C, the PS3™ chain

units converted to the meta-thiodiphosphate P2Ss?" units.

Although the reaction between Li2S and P2Ss in acetonitrile readily proceed to the
formation of PS3™ chains, the P2Se?~ units that are formed upon heat treatment, are not
favorable for the Li* conduction (2.5 x 10™° S cm™" at room temperature, Figure S1).
Higher ionic conductivity has been found in Li2S-P2Ss solid electrolytes with higher Li2S
content than 50 mol%, achieving ionic conductivities over 1073 S cm™ attributed to the

formation of PS43~ and P2S7*" units that favor the Li* conduction [30, 31].
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We have previously reported the possible formation of PS43~ units from Li2S and P2Ss
in compositions with Li2S content between 70 and 75 mol% by the mediation of
acetonitrile [17, 19]. Scheme 2 illustrates the proposed reaction pathway for the
formation of the orthothiophosphate PS4~ anion through liquid-phase using
acetonitrile as the medium for the reaction. Formally, PS43~ units are formed from the
stoichiometric composition 3Li2S:1P2Ss5 (75Li2S:25P2S5 mol%), with an excess of Li2S
in comparison to the composition with the 1:1 molar ratio (50Li2S:50P2Ss5 mol%). It can
be expected that in the first step of the reaction, Li2S and P2Ss in 1:1 molar ratio react
to form the PS3™ chains, and that in a second step of the reaction, the additional Li2S
be incorporated as terminal sulfur with Li* acting as the counterion, resulting in the
breaking of the P-S-P bridges in the PS3~ chains and therefore in the formation of
isolated PS43~ units with negligible solubility in acetonitrile and exhibiting white color

[19].

A similar mechanism of reaction can be expected for the formation of P2S7* units.
However, as reported elsewhere [19], the formation of P2S7#~ units has been observed
only after heat treatment at temperatures above 180 °C [19], indicating that the P2S74~
units could not be stable in the solution or suspension state. Scheme 3 illustrates the
proposed reaction pathway for the formation of the pyrothiophosphate P2S7*~ anion
through the liquid-phase process using acetonitrile as the medium for the reaction. As
described above, PSs™ chains would be rapidly formed in the stoichiometric
composition of Li2S and P2Ss of 50:50 mol%, the further incorporation of Li2S would
break the P-S-P bridges in the PS3™ chains resulting in the formation of isolated PS43"
units. However, for a total Li2S content less than 75 mol%, the sulfur provided by the
Li2S is not enough to break all the P-S-P bridges in the PS3™ chains. Therefore, for a

certain step of the reaction PS43~ units would coexist with remaining PS3™ chains. After
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complete solvent removal and upon heat treatment at temperature above 180 °C, the

PS43~ and PS3™ chains units would react to form the P2S74~ units.

The proposed reaction mechanism for the formation of P2S7*~ units in this work is in
good agreement with the findings of Wang et al. [39]. It was reported that after mixing
for three days a mixture of Li2S and P2Ss with stoichiometric composition of 70:30
mol% in acetonitrile, if the precipitated phase is separated from the supernatant, after
heat treatment at 260 °C, the precipitated phase exhibited only the formation of PS43"
units, and the supernatant exhibited the formation of P2Se?~ and P2Ss*" units. No
formation of P2S7*~ units was found in the precipitated phase neither in the supernatant.
However, the formation of P2S7*~ units was clearly observed after heat treatment at

260 °C, when the separation of phases was not carried out [39].

The reaction between the PS43~ units and the PS3™ chains units to form the P2S7#~ units
is here associated with redox processes that could take place upon heat treatment. It
can be expected that the PS3™ chains proceed to the formation of the corner-sharing
P2S74" units (Eq. (2)), by an S? transfer from the PS4%~ units (Eq. (1)). This kind of

redox processes in the PS43~ units have been observed before [40].
2PSs +6 LIt 5 PSSy +4Lit+ S+ 2L (1)
(PS37)2 + 2Li*+ S+ 2 Lit ————»  P2S7* +4Li* (2)

Although acetonitrile was used as the solvent in this work, a similar mechanism of
reaction can be expected in other polar aprotic solvents such as ethyl propionate[41],

dimethoxyethane [20] and tetrahydrofuran [22].
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Conclusions

The mechanism of formation of the basic thiophosphate anions through the liquid-
phase synthesis, using acetonitrile as the medium, was elucidated. The dissociation
of the P4S10 molecule into the reactive P2Ss is expected to favor a rapid reaction with
Li2S to form polymer-like PS3™ chains exhibiting high solubility. The PS3™ chains react
upon heat treatment at temperatures above 180 °C to form P2Se?" units, as it was
confirmed by Raman and 3'P MAS NMR spectroscopies. It is proposed that the
formation of the PS3™ chain units also constitute the initial step of the reaction for the
formation of the PS43~ and P2S7#" anions. In compositions with Li2S content higher than
50 mol%, the increase in the sulfur content is believed to break the P-S-P bridges in
the PS3™ chains, resulting in the formation of isolated PS43" units. If sulfur provided by
Li2S is not enough to break all P-S-P bridges, it is hypothesized that the PS43~ units
and the remaining PSs™ chains undergo redox processes upon heat treatment

(>180 °C) that results in the formation of the P2S7*" units.
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Figure 1. Photographs of mixtures of Li2S and P2Ss in acetonitrile, in the Li2S:P2Ss

stoichiometric compositions of a) 50:50, b) 60:40 and ¢) 70:30 in mol%.
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Figure 2. XRD patterns of the 50Li2S:50P2Ss sample a) after drying at 100 °C, b) after
drying at 180 °C and c) after drying at 180 °C and subsequent heat treatment at 220 °C.

Indexed diffraction pattern of the Li2P2Se crystal phase (ICSD:253894) is shown

for comparison.
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Figure 3 Raman spectra of the 50Li2S:50P2Ss sample a) after drying at 100 °C, b)
after drying at 180 °C and c) after drying at 180 °C and subsequent heat treatment at

220 °C.
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Figure 4. 3'P MAS NMR spectra of the 50Li2S:50P2Ss sample a) after drying at 100 °C,

b) after drying at 180 °C and c) after drying at 180 °C and subsequent heat treatment
at 220 °C
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Figure 5. 3'P NMR spectrum of the 50Li2S:50P2Ss solution.
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