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General introduction

Global warming and the growing energy demand require a shift in electricity
production, from burning fuels to sustainable energy sources, such as wind,
solar and tidal energy. Moving transportation toward electrical propulsion is also
necessary to reduce the use of fossil fuels and the related carbon emissions.
In this context, the development of good energy storage systems that enable
the use of renewable energy and electric vehicles is essential to meet
environmental constraints [1-3]. Lithium-ion batteries are promising candidates
because they offer the high energy density required [4]. However, conventional
Lithium-ion batteries possess safety issues concerns because of the use of
flammable organic liquid electrolytes [5, 6]. All-solid-state lithium-ion batteries
that use inorganic solid electrolytes instead of liquid electrolytes are expected

to meet the energy density and safety required [7, 8].

Inorganic solid electrolytes with wider voltage windows make possible the
operation of all-solid-state batteries with Lithium-metal [8-11], as well with high
voltage [12, 13] and high-capacity [14, 15] cathode materials. On the other hand,
the non-liquid nature of the electrolyte allows the stacking of the battery cells in
a single package without an ionic short circuit [16]. These characteristics give
the potential to the all-solid-state batteries to provide the high energy and power

density required.

Li-ion conductive solid electrolytes are mainly classified into oxide-based and
sulfide-based solid electrolytes. Oxide-based electrolytes such as perovskites

[17], NASICON-type [18-21] and garnet-type [22-26] structures have high ionic



conductivities of around 1073 Scm™; however, they require high temperature
for the synthesis and subsequent co-sintering to achieve good contact with
active materials in the composite cathode of the bulk-type all-solid-state
batteries. Sulfide solid electrolytes in the Li2S-GeS2-P2Ss and Li2S-P2Ss
systems, such as LiioGeP2Si2 [27], Lig.54Si1.74P1.44S511.7Clo.3 [12] and Li7P3Si11
[28] glass-ceramics, exhibit high ionic conductivities over 102 S cm™. In
addition, they also have good ductility [29, 30] that facilitates intimate contact
with electrode materials. Therefore, sulfide electrolytes with high ionic
conductivity and good mechanical properties would be more suitable solid

electrolytes for their application to the all-solid-state battery.

Sulfide solid electrolytes in the Li2S-P2Ss system have been extensively studied
for the application to the all-solid-state battery during the last years. The
synthesis of Li2S-P2Ss solid electrolytes often involves the preparation of
mother glasses by a mechanical milling process and subsequent heat treatment
to promote the crystallization of high ionic conductive phases. Mizuno et al. [28,
31] found that the crystalline phases are controlled by the Li2S content in the
Li2S-P2Ss sulfide electrolytes. While crystallization of phases such as the
LizP3S11 phase producing an enhancement of the conductivity up to 102 S cm™?
at room temperature is desirable, crystallization of phases such as the LisP2Se
phase is usually avoided because it produces a negative effect on the ionic
conductivity; a decrease down to two orders of magnitude has been reported

(1.1 x 1078 S cm™! at room temperature) [32].

Sulfide solid electrolytes in the Li2S-P2Ss system are composed of Li* cations
and thiophosphate anions. Upon crystallization, the thiophosphate anions
organize into the different crystalline phases. Table 1 indicates the common
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crystal phases and the corresponding thiophosphate anions conforming the
local structure.

As illustrated in Table 1, the thiophosphate anions can take several forms.
Isolated PS4%" tetrahedra (ortho-thiophosphate units), corner-sharing PSa
tetrahedra (P2S7*" pyro-thiophosphate units), edge-sharing PSa tetrahedra
(P2Ss?~ meta-thiodiphosphate units) and PSz units containing a P-P bond in
between (P2Se*~ Hypo-thiodiphosphate units).

The Li-S bond, in the sulfide solid electrolytes, with low bond energy and being
relatively covalent in character, may allow the rotation and diffusion of the
PxSy?” ions under the application of stress. It has been thought to be the reason
for the small-scale plasticity that sulfide solid electrolytes exhibit [30]. As
mentioned above, a solid electrolyte with good deformability is essential to
develop favorable electrode-electrolyte interfaces in bulk-type all-solid-state
batteries [33].

Bulk-type all-solid-state batteries use composite electrodes with a powder
mixture of active materials and solid electrolytes. A large interfacial contact area
between the active material and electrolyte particles and efficient ion-

conductive pathways are necessary to obtain a good cell performance [33, 34].

Several approaches have been taken to develop favorable solid-solid interfaces.
For example, sulfide solid electrolyte coating on active materials by using
Pulser Laser Deposition (PLD) has been proven to be effective in obtaining high
capacity and good performance in the all-solid-state-cells, due to the formation
of intimate electrode-electrolyte contacts [35]. However, a scale-up of the PLD

technique for a commercial application is not practical.



Table 1. Common crystal phases in the Li2S-P2Ss solid electrolytes

Li2S content
(mol%)

50

67

70

75

Crystal
phase

Li2P2Ss

LisP2Se

Li7P3S11

LisPS4

Thiophosphate units
P2Se%"

P2Se4"

A

PS4, P2Sr l :
O

PS43" l

Ref

[36]

[37]

[38]

[39]



The use of small-sized solid electrolyte particles has also been reported to be
effective to obtain dense and homogeneous electrode layers with an effective
lithium-ion conduction pathway and large electrode-electrolyte interfacial
contact areas [40]. Sulfide solid electrolytes that are typically prepared by the
mechanical milling process are subsequently pulverized by using smaller
diameter balls [40]. However, synthesis and pulverization, carried out by the

ball milling process, require high energy and a long time.

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. The liquid-phase
synthesis has 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 by the direct precipitation of solid electrolytes on the electrode
materials, as well as the preparation of thin membranes [41]. Furthermore, it
has been found that the morphology of the sulfide solid electrolytes can be
controlled by the solvent selection [41-45]. Figure 1 shows the morphology of
LisPS4 solid electrolytes prepared by liquid-phase using different solvents.
Sulfide solid electrolytes with particle size in the nanometer range can be
obtained by liquid-phase (Figure 1c). In contrast, sulfide solid electrolytes with
a particle size around 10 um are obtained by the mechanical milling process
(Figure 1d). The liquid-phase process not only offers the possibility to
synthesize high ionic conductive sulfide solid electrolytes with control of their

morphology, but it is also more favorable for the industrial scaling-up.



d) Ball milled
Y
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Figure 1. Morphology of LisPSs4 synthesized by liquid-phase using a)
Tetrahydrofuran [42], b) Acetonitrile [41] and c) Dibuthyl ether [45] as solvents.

d) Morphology of LisPS4 synthesized by mechanical milling.



Although the liquid-phase synthesis of sulfide solid electrolytes has attracted
great attention during the last years, the reaction mechanisms that take place
during the synthesis have not yet been elucidated. On the other hand, the
testing of the sulfide solid electrolytes prepared by liquid-phase in the all-solid-

state battery is almost an unexplored area.

The present study is focused on the liquid-phase synthesis of sulfide solid
electrolytes in the Li2S-P2Ss system and their application to the all-solid-state

battery, with the following main objectives:

1. For the application to the all-solid-state battery, the development of a solid
electrolyte with high ionic conductivity and small particle size is the main
challenge. For the industrial scaling up, a simple and efficient protocol is
required. Thus, this work addresses the development of sulfide-based solid
electrolytes in the Li2S-P2Ss system, with high ionic conductivity and small

particle size, using a simple liquid-phase process.

2. The liquid-phase synthesis provides additional parameters that may open a
new door for the designing of the reaction pathways. However, a deep
understanding of the reaction mechanisms is necessary. In this work, the
formation mechanism of the fundamental PxSy?~ anions by the liquid-phase

synthesis is proposed.

3. The application to the all-solid-state battery is necessary to examine the
suitability of the solid electrolytes prepared by liquid-phase. In this work, the
electrochemical performance of all-solid-state batteries using a solid electrolyte

synthesized by liquid-phase was evaluated.



This doctoral thesis consists of two main parts:

Part | — Liquid-phase synthesis of sulfide solid electrolyte in the Li2S-P2Ss

system

This section reports the preparation of sulfide solid electrolytes with high ionic
conductivity and small particle size by liquid-phase synthesis. The
crystallization process and reaction mechanisms that take place in the liquid-

phase synthesis are specially discussed

First, a simple and efficient preparation of sulfide solid electrolytes is reported
in the Li2S—P2Ss system with Li2S content from 70 to 75 mol%, by a liquid-phase
process under ultrasonic irradiation, using acetonitrile as the medium for the

reaction.

Second, the crystallization process that took place in the liquid-phase synthesis
was investigated by examining the crystal and local structure, morphology and
ionic conductivity of the solid electrolyte with Li2S content of 74 mol%, after

each step of the synthesis.

Third, the effect of the mass concentration and the effect of the time for the
ultrasonic irradiation were optimized to avoid impurities from unreacted

precursors in the solid electrolytes.

Fourth, the focus was placed on the Li2S and P2Ss precursors and their reaction
in 50:50 mol% to understand the initial chemical reactions that trigger the

formation of the PxSy*~ thiophosphate units. In light of the results founded, the



possible reaction pathways for the formation of the different PxSy*”
thiophosphate units and the potential reaction pathway for the formation of the
high ionic conductive Li7P3S11 crystal phase in Li2S—P2Ss solid electrolytes

synthesized by liquid-phase were hypothesized.

PART Il — Application of LizP3Si1 solid electrolyte as an ionic conductive

additive in the composite cathode of all-solid-state batteries

In this section, the electrochemical performance of an all-solid-state battery
using NCM (LiNbOs-coated LiNiisCo13Mn1302) as a high voltage cathode
material and the solid electrolyte containing the LizP3Si1 crystal phase,
prepared by liquid-phase under ultrasonic irradiation, as the ionic conductor in
the composite cathode, was investigated and compared it to that of the all-solid-
state battery using a solid electrolyte containing the Li7P3Sa11 crystal phase but

prepared by mechanical milling.

First, the structure and properties of the sulfide solid electrolytes prepared by

liquid-phase and mechanical milling processes were evaluated.

Second, the morphology of the composite cathodes using the solid electrolyte
containing the LizP3S11 crystal phase, prepared by liquid-phase and mechanical

milling as the ionic conductive additive, were evaluated by SEM.

Third, the electrochemical characterization of the all-solid-state cells was

evaluated by using galvanostatic measurements and impedance analysis.



Forth, the electrochemical behavior of the all-solid-state cell with the composite
cathode using the solid electrolyte containing the LizP3Si11 crystal phase,
prepared by liquid-phase, was investigated under high charge-end voltages of

4.6 V vs. Li.

Fifth, the local structure stability of the LizP3S11 solid electrolyte was analyzed
by using ex-situ Raman spectroscopy of the composite cathode of the all-solid-
state cell after charge-discharge measurements with high charge-end voltages

(4.6 V vs. Li).

In the general conclusions section, all the conclusions derived from this thesis

are summarized.
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Introduction

Around 1981, Mercier et al. reported the preparation of Li2S-P2Ss glasses by
melt-quenching [1], and the synthesis of crystalline ionic conductors LisPS4 and
Li4sP2Se by using solid-state reaction [2, 3]. Melt-quenching and solid-state
reaction remained as the main explored syntheses for two decades. In 2001,
Hayashi et al. reported the preparation of Li2S-P2Ss glasses by mechanical
milling [4]. In the mechanical-milling, the movement of the jar transfers kinetic
energy to the balls, which collide with the solid particles inside, resulting in a
mechanochemical reaction. The required time to complete the reaction is
dependent on several parameters, such as the material type of the balls, jar,
and reagents, as well as their respective volumetric ratios [5]. Often, glassy
materials are obtained by mechanical-milling. Subsequent heat treatment to the
glass materials can enhance the ionic conductivity by the precipitation of high
ion conductive crystals [6]. The solid-state reaction and the mechanical-milling
technique have been useful for the discovery and design of novel materials [7-
9]. However, the sealing requirements for the solid-state synthesis or the jar
size and the long-time required (8-50 hours) for the mechanical-milling
technique, limit the industrial scaling-up. Recently, the development of solution-
based approaches for the synthesis of thiophosphate electrolytes has been
addressed. In 2013, Liang et al. [10] reported, for the first time, the liquid-phase
synthesis of a sulfide solid electrolyte. Li2S and P2Ss were used as the
precursors, and tetrahydrofuran as the medium for the reaction. The magnetic
stirring of the starting materials, following by heat treatment at the temperature

of 140°C, produced B-LisPS4 with high ionic conductivity of 1.6x10™* Scm™ at
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room temperature. In the solid-state reaction, the y-LisPSa4 phase is usually
obtained. The y-LisPSs phase is converted to the B-LisPSs phase at
temperatures around 300 °C. However, it reverts to the y-phase at
temperatures below 195 °C [11, 12]. Surprisingly, the synthesis by liquid-phase
stabilized the B-LisPSa4 phase at room temperature, revealing the potential of
the liquid-phase synthesis to provide access to metastable phases.

In classic solid-state syntheses, the main parameters to control the reaction are
temperature and time, and it often results in producing the most
thermodynamically stable products. In comparison, solvent-assisted syntheses
offer many more reaction parameters, such as solvent properties (polarity,
dielectric constant, structure, etc.), precursors concentrations, possible
complexes formation, as well temperature and time. The additional parameters
provided by the liquid-phase synthesis gives the possibility for the designing of
the reaction pathway to obtain the desired products. Hence the liquid-phase
synthesis is an exciting field of research not only from the industrial point of

view but also for the discovering of new materials with superior properties.

Table 1.1 lists the liquid-phase synthesis of Li-ion conductive sulfide solid
electrolytes in the Li2S-P2Ss system reported so far. Most of the liquid-phase
synthesis of sulfide solid electrolytes involves the reaction between Li2S and
P2Ss as starting materials. Solid electrolytes containing the B-LisPSa crystal
phase have been the most studied until now. The structure of the B-LisPS4
crystal phase is composed only of Li* ions and PS43" units. The PS4%~ units have
been found to be successfully produced with the mediation of solvents such as

tetrahydrofuran (THF), ethyl acetate (EA), acetonitriie (ACN), dimethyl
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Table 1.1 Liquid-phase synthesis of sulfide-based solid electrolytes

Product

B-LisPS4
B-LisPS,
B-LisPS,
LisPS,

LisPS,

B-LisPS,
LisPS,

LizP3S11
LizP3S11
LizP3S11
LizP3S11
LizP3S11

LizP3S11

Precursors

LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss
LizS, P2Ss

Lizs, P,Ss

Solvent

THF

EA

ACN

DMC

NMF/n-hx

EP

MPK

ACN

DME

THF

THF/ACN

ACN

ACN

Reaction

time

~24 h

24 h

48 h

5h

~6h

6h

24 h

30 min

72h

24 h

24 h

24 h

24 h

Temperature
(°C)
140
160
200
190
180
170
160
220
250
250
250
250

260

(mS cm™)

0.16

0.33

0.12

0.0064

0.0023

0.2

0.0003

0.27

0.23

0.4

0.97

15

Refs

(10]
(13]
(14]
(15]
(16]
(17]
(18]
This study
[19]
[20]
[20]
[20]

[21]
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carbonate (DMC), N-methyl formamide/n-hexane (NMF/n-hexane), ethyl
propionate (EP) and methyl propyl ketone (MPK). PS43~ units are not only the
main building units of the B-LisPSa4crystal phase, but also for many other phases
such as argyrodites (containing Li*, PS4 and X ions, X: CI, Br, 1),
LisPSal/LizP2Ssgl crystal phases (containing Li*, PS43~ and I~ ions) and Li7P3S11

crystal phase(containing Li*, PS4%~ and P2S7*"ions).

The LizP3S11 crystal phase is particularly interesting because it exhibits very
high ionic conductivity over 102 Scm™ [7]. Solid electrolytes containing the
LizP3S11 crystal phase have been synthesized using ACN, ACN-THF mixture,
THF and DME as solvents. In all reported cases, magnetic stirring from one to
three days was necessary (Table 1.1). After the evaporation of the solvent,
subsequent heat treatment was required for the crystallization of the Li7P3S11
phase. Although similar processes were used, the solid electrolytes exhibited
differences in the ionic conductivity, according to the solvent used. The ionic
conductivities were reported to be 9.7 x 107 Scm™[20], 4 x 1074 Scm™[20], 2.3
x1074Scm™[20] and 2.7 x 1074 Scm™[19], when ACN, ACN-THF mixture, THF
and DME were used as the solvent, respectively. Ideally, the solvent is only the
medium for the reaction. However, it has been found that the solvent also plays
a fundamental part in the reaction mechanism that takes place during the liquid-
phase synthesis. Complex formation with solvent molecules and formation of
intermediates may largely influence the final properties of the solid electrolytes.
Particularly, acetonitrile has enabled to obtain sulfide solid electrolytes with

higher ionic conductivity [20].

The liquid-phase synthesis of sulfide solid electrolytes is promising to stabilize
metastable materials that often exhibit superior properties. However, the
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reaction mechanism that takes place during the liquid-phase synthesis has not
yet been elucidated. Clarification of the reaction mechanisms is necessary to

push forward this exciting field of research.

In this work, the objective is to elucidate the reaction mechanisms that take
place in the liquid-phase synthesis of sulfide solid electrolytes in the Li2S-P2Ss
system when acetonitrile is used as the solvent. Although acetonitrile is chosen
as the referent solvent, the elucidation of the reaction mechanism can provide
a better understanding of the reaction mechanisms that take place for different

solvents.
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Experimental

Preparation of Li2S-P2Ss solid electrolytes

In the vast majority of reported synthesis, Li2S and P2Ss are used as the
precursors for the preparation of Li2S-P2Ss sulfide solid electrolytes. The liquid-
phase synthesis of sulfide solid electrolytes usually involves the mixing of the
precursors in a certain solvent, following by magnetic stirring for one to three
days [20, 21], and subsequent drying and heat treatment to obtain the desirable

crystal phases.

Ultrasonic irradiation is a useful technique to increase chemical reactivity in a
solid-liquid system [22, 23]. The implosion of cavitation bubbles during
ultrasonication generates local high temperatures and pressures, and this large
amount of energy stimulates chemical activity. Thus, in this work, ultrasonic

irradiation was used to accelerate the reaction.

Scheme 1.1 shows the synthesis procedure. Li2S (Mitsuwa Chemical, 99.9%)
and P2Ss (Aldrich, 99%), in stoichiometry compositions, were mixed in
anhydrous acetonitrile (Wako Pure Chemical Industries). Each mixture was
ultrasonicated under 28 kHz using an ultrasonic bath (Shimadzu SUS-103) for
a certain time. The ultrasonication process formed a white suspension in all

samples. The suspension was dried at 180 °C for three hours under
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Scheme 1.1 Experimental procedure for the liquid-phase synthesis of sulfide

solid electrolytes in the Li2S-P2Ss system.
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vacuum to remove the solvent and obtain solid powders. The solid electrolytes
powders were manually ground, using an agate mortar. Subsequently, the

powders were heat-treated at the temperature of 220 °C.

Characterization

The crystal phase and local structure of the solid electrolytes were studied by
using X-ray diffraction (XRD) and Raman 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). Raman spectra were recorded between 300 and

3000 cm™L.

The morphology of the sulfide solid electrolyte particles was observed by
scanning electron microscopy (SEM) performed on a JIB-4600F Multibeam

SEM-FIB Scanning Electron Microscope.

The ionic conductivity of pelletized samples was evaluated by electrochemical
impedance spectroscopy (EIS). The solid electrolyte powders (80 mg) were
pressed under 360 MPa (at room temperature) in a polycarbonate tube, with a
10 mm diameter; two stainless steel (SS) disks were used as current collectors.
EIS was measured using an impedance analyzer (S1 1260, Solartron) to assess

the ohmic resistance of the pellet.

26



Results and discussion

1. Preparation of Li2S—P2Ss solid electrolytes by a liquid-phase process

To explore the liquid-phase synthesis of sulfide solid electrolytes in the Li2S—
P2Ss systems, solid electrolytes with Li2S content of 70, 71, 72, 73, 74 and 75
mol% were prepared by following the synthesis procedure illustrated in Scheme

1.1. Table 1.2 shows the settled parameters for the liquid-phase synthesis.

Figure 1.1 shows photographs of the material after each step of the synthesis.
After adding acetonitrile to the Li2S-P2Ss mixture, a white precipitate and a
yellowish solution were observed (a). After 30 minutes of ultrasonic irradiation,
the white precipitate and yellowish solution turned into a white suspension (b).
After the ultrasonic irradiation, the solvent was immediately evaporated under
vacuum at 180 °C. A slightly yellowish powder was then collected (c). After
subsequent heat treatment at 220 °C, the powder turned slightly brown (d). The

same characteristics were observed for all the studied compositions.
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Table 1.2. Parameters used for the liquid-phase synthesis (Section 1)

Parameter Value
Mass concentration 50 g/L
Ultrasonication time 30 min
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Figure 1.1 Photographs of the material state after each step of the synthesis.
a) Before and b) after ultrasonic irradiation for 30 min, c) after removing the

solvent at 180 °C under vacuum, and d) after heat treatment at 220 °C.
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Crystal phase and local structure

After the heat treatment at 220 °C, the crystal phase and local structure of each
composition were examined by using X-ray diffraction and Raman

spectroscopy.

Figure 1.2 shows the X-ray diffraction pattern of the xLi2S-(100-x)P2Ss solid
electrolytes with x Li2S content from 70 to 75 mol%. The indexed diffraction
pattern of the Li7P3S11 (ICSD:157564), LiaP2Se (ICSD: 80319) and y-LisPS4

(ICD: 180318) crystal phases are shown for comparison.

Peaks corresponding to the Li7P3Si1 crystal phase were observed in the XRD
patterns of all the studied compositions. Formation of LisP2Ss and ¥-LisPS4
phases were observed in the solid electrolytes with Li2S content of 70 and 71
mol%. Additional peaks corresponding to an unknown crystal phase were also
observed at these compositions. The peak at around 26=27°, observed in all

compositions, could be assigned to the Li2S precursor.

Figure 1.3 shows the Raman spectra of the xLi2S-(100-x)P2Ss solid electrolytes
with x Li2S content from 70 to 75 mol%. The Raman spectrum of the solid
electrolyte with Li2S content of 75 mol% shows two bands located at 428 cm™
and 405 cm™ assigned to PS4*~ and P2S7#" units [12], respectively. The Raman
spectrum of the solid electrolyte with Li2S content of 74 mol% shows a wide
band centered at 405 cm™ corresponding mainly to P2S7*~ units. The Raman

spectrum of the solid electrolyte with Li2S content of 73 mol%

30



T v * 1
—
=
©
“—
P
o
7))
c
(1))
]
£
Li7P3811
ICSD:157654
. . A “A A A L A L A s %
Li 4P286
ICSD:80319 n A .L
v-Li_PS
ICSD:::BOS;B M A A JL_UL
. 1 s 1 .
10 20 30 40

20 (degree/ Cu Kay

Figure 1.2 XRD patterns of xLi2S-(100-x)P2Ss solid electrolytes synthesized by
liquid-phase. Indexed diffraction pattern of the LizP3S11 (ICSD:157564), Li4P2Se
(ICSD: 80319) and y-LisPSa4 (ICD: 180318) crystal phases are shown for

comparison.
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Figure 1.3 Raman spectra of xLi2S-(100-x)P2Ss solid electrolytes synthesized

by liquid-phase.
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shows two wide bands centered at 405 cm™ and 385 cm™. The Raman band
at 385 cm™ has been assigned to the P2Se*~ units [12]. The Raman spectrum
of the solid electrolyte with Li2S content of 72 mol% shows two wide bands
centered at 405 cm™ and 385 cm™, corresponding to P2S7*~ and P2Se*" units.
The Raman spectrum of the solid electrolyte with Li2S content of 71 mol%
shows similar bands to that with Li2S content of 72 mol%, with a slight increase
of the band at 405 cm™. The Raman spectrum of the solid electrolyte with Li2S
content of 70 mol% shows three bands located at 428 cm™, 405 cm™t and 385

cm™ corresponding to P2Se*” units, P2S7*~ and PS43~ units.

Morphology

After the heat treatment at 220 °C, the morphology of each composition was

examined by Scanning electron microscopy (SEM).

Figure 1.4 shows SEM images of the xLi2S-(100-x)P2Ss solid electrolytes with
x Li2S content from 70 to 75 mol%. The morphology in all compositions

consisted of nano-sized particles with an irregular shape.
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Figure 1.4 SEM images of xLi2S-(100-x)P2Ss solid electrolytes synthesized by

liquid-phase.
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lonic Conductivity

After the heat treatment at 220 °C, the ionic conductivity of each composition
was examined by electrochemical impedance spectroscopy (EIS). Figure 1.5

shows the ionic conductivity of the xLi2S-(100-x)P2Ss sulfide electrolytes.

The attained ionic conductivity of the xLi2S-(100-x)P2Ss sulfide electrolytes with
Li2S content of 70, 71, 72, 73, 74 and 75 mol% was 1.1 x 10 S cm™, 3.4 x
10°Scm™,58x10°Scmt, 1.5x10%Scm™, 1.0x 10 Scm™and 6.4 x
10~ S cm™, respectively. The ionic conductivity increased with the Li>S content
until a maximum value of 102 S cm™ with the Li2S of 74 mol%. The difference
in the ionic conductivity between the solid electrolytes in the studied

compositions achieved up to two orders of magnitude.

Discussion and Summary

The study of the xLi2S-(100-x)P2Ss sulfide electrolytes obtained after heating at
220 °C suggests that the variation of ionic conductivity is largely influenced by
the resulting crystalline phases and the local arrangement of the PxSy?~ units.
Although the LizP3Sa11 high ionic conductor was identified in all the compositions,
the distribution of PxSy?~ units was clearly different for each composition. Lower
ionic conductivity (=10 S cm™) resulted from xLi2S-(100-x)P2Ss sulfide

electrolytes with low content of Li2S (x = 70-71 mol%); attributed to the presence
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Figure 1.5 lonic conductivity of xLi2S-(100-x)P2Ss solid electrolytes synthesized

by liquid-phase.
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of the low ionic conductive crystal phases, LisP2Ss and ¥-LisPS4[11], confirmed
by X-ray diffraction spectroscopy. Further, the slight increase of the Li2S content
(x = 72-73 mol%) was enough to remove the presence of the low ionic
conductive phases, producing an improvement of the ionic conductivity up to
one order of magnitude (~10* S cm™). The significantly higher presence of
P2S6*" units in comparison with PS43~ and P2S7* units was assumed as the
main reason for the relatively low ionic conductivity. Higher content of Li2S (x =
74-75 mol%) produced the highest ionic conductivity (~102 — 10 S cm™) in
the xLi2S-(100-x)P2Ss solid electrolytes obtained by liquid phase process. Since
the XRD patterns did not exhibit considerable changes in the Li7P3S11 crystal
phase, for example, between solid electrolytes with Li2S content of 72 and 73
mol%, the high ionic conductivity can be interpreted by the optimized
arrangement of the PxSy*~ units. Raman spectrum of the sample with Li2S
content of 74 mol%, which exhibited the highest ionic conductivity of 102 S
cm™, revealed that the presence of P2S7# units (respect to PS43~ and P2Ss*"
units), is significantly higher compared to the sample with Li2S content of 75
mol%. It can be inferred that the high content of P2S7*" units in the structure of
the xLi2S-(100-x)P2Ss sulfide electrolytes resulted in the formation of high ionic

conductive materials.
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2. Crystallization process of Li2S-P2Ss solid electrolytes through liquid-

phase synthesis

The Li2S-P2Ss solid electrolyte with Li2S content of 74 mol% exhibited the high
ionic conductivity of 102 Scm™. A solid electrolyte prepared by liquid-phase
and with high ionic conductivity is a promising material for the application to the
all-solid-state battery. Hence, the crystallization process that took place in the
liquid-phase synthesis was investigated by examining the crystal and local
structure, morphology and ionic conductivity of the solid electrolyte with Li2S

content of 74 mol%, after each step of the synthesis.

Crystal phase and local structure

Figure 1.6 shows the XRD patterns of the Li2S-P2Ss solid electrolyte with Li2S
content of 74 mol% after drying at 180 °C for three hours under vacuum and
after subsequent heat treatment at 220 °C for one hour. The indexed diffraction

pattern of the LizP3Sa1 crystal phase (ICSD:157564) is shown for comparison.

After the drying process at 180°C, the XRD pattern of the sample exhibited
unknown peaks. The peak at 26=27° could be assigned to the Li2S precursor,
but the other peaks do not correspond to the P2Ss precursor or any indexed
solid electrolyte crystal phase. Unknown peaks were assigned as PS43"-ACN;
it will be discussed below. After subsequent heat treatment at 220 °C, XRD

peaks corresponding to the LizP3S11 crystal phase were observed.

38



eLiP,S,, X PS2 :-ACN *Li,S

a)

Intensity (a.u)

Li,P;S,,
(ICSD: 157654)

10 . 15 20 25 30 35 . 40
20 degree/Cu Ka

Figure 1.6 XRD patterns of the Li2S-P2Ss solid electrolyte with Li2S content of
74 mol% after drying at 180 °C for 3 h under vacuum (a) and after subsequent
heat treatment at 220 °C for 1 h (b). The indexed diffraction pattern of the

LizP3S11 crystal phase (ICSD: 157564) is shown for comparison.
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The local structure of the solid electrolyte after each step of the synthesis was
examined by using Raman spectroscopy. Figure 1.7a shows the Raman
spectra of the Li2S-P2Ss solid electrolyte with Li2S content of 74 mol%, after the
ultrasonication process (corresponding to a slurry state), after drying at 180 °C

for 3 h under vacuum and after subsequent heat treatment at 220 °C for 1 h.

The Raman spectrum of the sample after only 30 minutes of ultrasonication
(Green line), exhibited a main band at 428 cm™, attributed to the PS4~ (ortho-
thiophosphate) units [12]. Also, bands located around 370 cm™, 900 cm™, 2200
cm™t and 2900 cm™, corresponding to C-C=N bending, C-C stretch, C=N
stretching and symmetric C-H stretch vibrations of acetonitrile [24, 25] were

identified.

The Raman spectrum of the sample after the subsequent drying at 180°C for 3
h under vacuum (Blue line), exhibited similar bands to that of the slurry obtained
after the ultrasonication (Green line), revealing that the obtained powder is

composed mainly by PS43~ units and remaining acetonitrile.

The Raman spectrum of the sample after subsequent heat treatment at 220 °C,
exhibited only a main wide band at 405 cm™, attributed to P2S7* (pyro-
thiophosphate) units [12]. The bands associated with acetonitrile completely
disappeared, confirming the full removal of the solvent. The heat treatment at
220 °C, to remove the remaining solvent, also promoted the formation of P2S7*"
units. Figure 1.7b shows the deconvolution of the Raman band centered at 405
cm™tof the sample after heat treatment at 220 °C, using a Gaussian-Lorentzian

function. Two bands centered at 420 cm™ and 404 cm™ confirmed the

40



After drying at 180 °C PS, C—

Intensity (a.u)

After heat treatment at 220 °C

3000 2700 2400 ” 900 600 300
Raman shift (cm™)

b)
- EXP
— FIT P,S,*

Intensity (a.u)

500 400 300
Raman shift (cm™)

Figure 1.7 a) Raman spectra of the Li2S-P2Ss solid electrolyte with Li2S content
of 74 mol% after the ultrasonication process (Slurry, green line), after drying at
180 °C for 3 h under vacuum (Blue line) and after subsequent heat treatment
at 220 °C for 1 h (Pink line). b) Spectral decomposition of the Raman spectrum
of the sample after heat treatment at 220 °C. Dashed grey line, experimental
data; continuous orange line, the fitting result for all PxSy*~ polyhedral; dashed

blue, pink and violet lines, PS43", P2S7#~ and P2Ss*" units, correspondingly.
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presence of P2S7*~ and PS4%~ units [12, 26], respectively. A third band centered
at 385 cm™ was also found and is associated with P2Ss*" units. From crystal
structural analysis, the Li7P3S11 crystal phase consists of only PS43~ and P2S74~
units [27]. However, P2Se*~ units have also been identified in solid electrolytes,
containing the LizP3S11 crystal phase [28, 29], obtained by mechanical milling.
Studies by using MAS-NMR (magic-angle spinning-nuclear magnetic
resonance) spectroscopy, suggest that after crystallization of the Li7P3Si1
crystal phase, part of the PxSy*~ units would remain in the amorphous phase
[30]. Thus, it is assumed that the P2Se*" structural units contained in the solid

electrolyte here studied would also be in the amorphous phase.

The evaluation of the crystal and local structures of the solid electrolyte after
each step of the synthesis by using X-ray diffraction and Raman spectroscopy
are well correlated. According to the Raman spectra, the unknow crystal phase
observed after drying under vacuum at 180 °C, would correspond to the
complex formation between PS43~ units and acetonitrile molecules (ACN). The
complex between PS43~ units and ACN molecules was assigned as PS43"-ACN.
The main LizP3S11 crystal phase observed after heat treatment at 220 °C, was
confirmed to be composed by PS4~ and P2S7*" units, and a small content of
P2Se*” units, by the Raman spectra analysis. The additional intense peak
associated with the Li2S crystal phase, observed after the drying process at
180°C and heat treatment at 220 °C, can be explained by the possible formation

mechanism of the LizP3S11 crystal phase.
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Morphology

Figure 1.8 shows the morphology of the Li2S-P2Ss solid electrolyte with Li2S
content of 74 mol% after drying at 180 °C for 3 h under vacuum and after
subsequent heat treatment at 220 °C for 1 h. After drying at 180°C, big
agglomerates (approx. 5-20 um) and irregular particles with a small particle size
around 500 nm were observed. After subsequent heat treatment at 220 °C, the
particle size was irregular but remained in the nanometric range. Inset in figure

1.8b shows smaller individual particles lower than 500 nm.

The small particle size is attributed to the interaction between solvent and
particles during the synthesis process. Acetonitrile can play a surfactant
function [14], leading to obtain a better dispersion of the powder during the
ultrasonication and further a good control of the particle size growth during the
solvent removal. In contrast, preparation of sulfide solid electrolyte by ball

milling produces patrticle sizes greater than 10 pum [31].

lonic conductivity

Figure 1.9a. show the impedance spectra of the Li2S-P2Ss solid electrolyte with
Li2S content of 74 mol% after drying at 180 °C for 3 h under vacuum. The

impedance spectra consist of a well-defined semicircle at high frequency due
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Figure 1.8 Morphology of the Li2S-P2Ss solid electrolyte with Li2S content of 74
mol% a) after drying at 180 °C for 3 h under vacuum and b) after subsequent

heat treatment at 220 °C for 1 h.
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Figure 1.9 Impedance spectra of the Li2S-P2Ss solid electrolyte with Li2S
content of 74 mol% a) after drying at 180 °C for 3 h under vacuum and b) after

subsequent heat treatment at 220 °C for 1 h. c) Cross-section image of the

pelletized sample in b).
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to bulk and grain boundary resistances and a capacitive tail at low frequency
due to the electrodes interface. The data was fitted with a simple equivalent
circuit comprising a resistor in parallel with a capacitor (R||C, C is a constant
phase element) to describe the pellet electrical behavior. In addition, a capacitor
in series was used to simulate the contribution of the electrodes interface. The
total resistance (bulk and grain boundary resistances), was used to calculate
the ionic conductivity, attaining 1.4 x 10°® S cm™ (22 °C). Figure 1.9b shows
the impedance spectra of the solid electrolyte obtained after the subsequent
heat treatment at 220 °C for 1 h. The impedance spectra of the sample do not
exhibit the full semicircle due to the lower resistance. In this case, the resistance
was estimated by the value of Z' at the intercept with the real axis obtained by
linear fitting. The ionic conductivity of the solid electrolyte attained 1.0 x 1072 S
cm™1(22°C). Figure 1.9c shows the cross-section image of the solid electrolyte
pellet corresponding to figure 1.9b. The cross-section image displays a
compact surface with a tight contact of micronized particles. There is almost no

crack, but microporous were observed.

Figure 1.10 shows the temperature dependence of the ionic conductivity of the
solid electrolyte obtained after heat treatment at 220 °C. A low activation energy
of 12.8 kJ mol™ was calculated. In comparison, Li7P3S11 solid electrolyte is
reported to have an activation energy of 12 kJ mol™ when the synthesis is
carried out by mechanical milling [32] and 23 kJ mol™t when the synthesis is

carried out by liquid phase using only magnetic stirring [21].

The obtained lower activation energy, in comparison with other LizP3S11 solid

electrolyte obtained by liquid phase process, is assumed to be because of the
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Figure 1.10 Temperature dependence of the ionic conductivity of the Li2S-P2Ss
solid electrolyte with Li2S content of 74 mol% after drying at 180 °C for 3 h under

vacuum and subsequent heat treatment at 220 °C for 1 h.
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higher crystallization degree [32], as well as good densification because of the

smaller particle size.

Discussion and Summary

The studies about crystal and local structure, morphology and impedance of
the Li2S-P2Ss solid electrolyte with Li2S content of 74 mol% for each step of the
synthesis are well correlated and revealed the crystallization process that takes
place during the liquid phase process. The cavitation produced during the
ultrasonication provides enough energy for the formation of PS43~ units after
only 30 min. The X-ray spectrometry and Raman spectroscopy studies revealed
the complex formation between PS43~ units and acetonitrile molecules, named
here as PS43"-ACN. The PS4%"-ACN complex was dissociated upon heating at
220 °C. The dissociation of the complex was accompanied by the formation of
P2S7*" units resulting in the precipitation of the Li7P3Si11 crystal phase. The
crystallization of the high ionic conductive LizP3Si11 crystal phase was
accompanied by an increase in the ionic conductivity in more of three orders of

magnitude, from 1.4 x 10%to 1 x 1073 Scm™L.

On the other hand, the particle size of the solid electrolyte obtained by liquid-
phase process is more than 10 times smaller compared with the particle size
obtained by mechanical milling process (10 pum) [31]. The small particle size is
attributed to the interaction between solvent and particles during the synthesis

process. Acetonitrile would help to obtain a better dispersion of the powder
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during the ultrasonication and further a good control of the particle size growth

during the solvent removal [14].
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3. The search for the stoichiometry

The preparation of high ionic conductive sulfide solid electrolytes in the Li2S-
P2Ss system by liquid-phase was discussed above. Particularly the Li2S-P2Ss
solid electrolyte with Li2S content of 74 mol%, containing the LizP3S11 crystal
phase, exhibited high ionic conductivity up to 102 Scm™ and a small particle
size of around 500 nm. These characteristics are advantageous for the
application to the all-solid-state battery. However, from the chemistry point of
view, the followed liquid-phase process (Table 1.2) resulted in a change in the

stoichiometry.

Formally, the stoichiometric composition of the LizP3Si1 crystal phase
corresponds to a Li2S:P2Ss ratio of 70:30 in mol%. In an effort to preserve the
stoichiometry, the effect of the mass concentration and the effect of the
ultrasonic irradiation time on the properties of the 70Li2S:30P2Ss solid

electrolyte prepared by liquid-phase were evaluated.

Effect of the mass concentration

From the solubility point of view, the reaction between Li2S and P2Ss could be
favored by the use of a smaller mass concentration. Hence, the effect of the

smaller mass concentration of 5 g/L was evaluated on the properties of the
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70Li2S:30P2Ss sample. Table 1.3 shows the parameters used for the liquid-

phase synthesis procedure.

Figure 1.11 shows the XRD pattern of the 70Li2S:30P2Ss sample after the
drying process at 180 °C and after subsequent heat treatment at 220 °C. The
XRD pattern of the sample obtained after the drying process at 180 °C exhibited
peaks corresponding to the PS43"-ACN complex. Additional XRD peaks at the
20 position of 27° and 31.25° were assigned to the Li2S precursor. The XRD
pattern of the sample obtained after subsequent heat treatment at 220 °C,
exhibited peaks corresponding to the Li7P3Si1 crystal phase. Peaks

corresponding to the Li2S precursor were also observed after the heat treatment.

The 70Li2S:30P2Ss sample obtained using the mass concentration of 5 g/L
exhibited a similar reaction state to that of the 74Li.S:26P2Ss sample obtained
using the mass concentration of 50 g/L described in the first section of this part
(Figure 1.6). After heat treatment at 220 °C, both samples exhibit XRD peaks
corresponding to the Li7P3Si1 crystal phase and additional XRD peaks
corresponding to the Li2S precursor. These results elucidate the difficult
incorporation of Li2S. It is believed that the larger mass concentration of 50 g/L
is not favorable for the reaction of Li2S, and that variations in the stoichiometry
can be ascribed to the difficult incorporation of the precursor Li2S. Hence, the
excess of Li2S, for example, in the composition 74Li2S:26P2Ss, is necessary to
compensate its difficult incorporation when using the larger mass concentration

of 50 g/L.
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TABLE 1.3. Parameters used for the liquid-phase synthesis (section 3)

Parameter Value
Mass concentration 5g/L
Ultrasonication time 30 min
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Figure 1.11 XRD patterns of the 70Li2S:30P2Ss solid electrolyte a) after the
drying process at 180 °C and b) after subsequent heat treatment at 220 °C.

The mass concentration of 5 g/L was used in the synthesis procedure.
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Effect of the ultrasonic irradiation

To obtain a solid electrolyte containing the LizP3Sa1 crystal phase without mayor
impurities derived from unreacted precursors, the ultrasonic irradiation time

was studied for the synthesis using the mass concentration of 5 g/L.

Ultrasonic irradiation was applied for periods of 30 minutes until the total time
of 180 minutes. After each period, the sample, corresponding to the slurry state,
was evaluated by X-ray diffraction. The ultrasonic irradiation was carried out at

room temperature to evaluate only its effect.

Figure 1.12a show the XRD patterns of the 70Li2S:30P2Ss sample obtained
after 30, 60, 90, 120, 150 and 180 minutes of ultrasonic irradiation. Shifts in the
XRD peaks can be attributed to the presence of acetonitrile in the slurry. After
30 min of ultrasonic irradiation, peaks corresponding to the PS43~-ACN complex
were observed. However, peaks corresponding to the Li2S precursor were also
observed. During the following periods, until reach the total ultrasonication time
of 120 minutes, the intensity of the XRD peak corresponding to the Li2S
precursor was greatly reduced. Application of ultrasonic irradiation for longer
time than 120 minutes did not result in a further decrease in the intensity of the
XRD peak corresponding to the Li2S precursor. The presence of unreacted Li2S
was also detected in solid electrolytes prepared by using magnetic stirring for

three days [33].
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Figure 1.12 a) XRD patterns and b) Photographs of the material state of the

70Li2S:30P2Ss sample obtained after 30, 60, 90, 120, 150 and 180 minutes of

ultrasonic irradiation.
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Unreacted Li2S was attributed to the possible formation of passivation layers

that would prevent its complete conversion.

Figure 1.12b shows photographs of the material state after each period. Before
the application of ultrasonic irradiation, the sample exhibited a white precipitate
and a yellowish solution. After 30 minutes of applying ultrasonic irradiation, the
sample corresponded to a yellowish suspension. After 60 min, the suspension
turned white. After 90 min, the white suspension turned blue. The blue color
can be associated with the possible formation of polysulfides as intermediates
in the reaction pathway. After 120 minutes, the suspension turned white again
and no change was observed after further application of ultrasonic irradiation,

as also was not observed any change in the XRD patterns.

After 180 minutes of ultrasonic irradiation, the sample was dried under vacuum
at 180 °C. Subsequently, heat treatment at 220 °C was applied. Figure 1.13
shows the XRD patterns of the solid electrolyte after drying at 180 °C, and after
the subsequent heat treatment at 220 °C. The main formation of the Li7zP3S11
crystal phase was observed, and a minor impurity corresponding to unreacted

Li2S

Discussion and Summary

The effect of the mass concentration on favoring the reaction between Li2S and
P2Ss was evaluated. As expected, the smaller mass concentration of 5 g/L
favored the reaction and allowed to obtain the LizP3S11 crystal phase in the solid

electrolyte with a stoichiometric composition of 70Li2S:30P2Ss.
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Figure 1.13 XRD patterns of the 70Li2S:30P2Ss solid electrolyte a) after the
drying process at 180 °C and b) after subsequent heat treatment at 220 °C.
The mass concentration of 5 g/L and a total ultrasonication time of 180 minutes

were used in the synthesis procedure.

57



The time of ultrasonic irradiation necessary to complete the reaction was
evaluated. It was found that: 1) The reaction proceeds at room temperature,
and 2) Application of ultrasonic irradiation for 120 minutes at room temperature,
is enough to obtain the PS43-ACN complex, with only a minor impurity
corresponding to Li2S. The difficult incorporation of Li2S may indicate the

possible formation of passivation layers that prevent its complete reaction.
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4. Formation mechanism of the Li7P3S11 crystal phase through liquid-

phase synthesis.

The Li7P3Si1 crystal phase is formally obtained from Li2S and P2Ss in the
stoichiometric ratio of 70:30 in mol% and is formed by pyro-thiophosphate
(P2S7#7) and ortho-thiophosphate (PS4%7) structural units in a ratio of 1:1 [27].
In the P2S7#~ and PS4 units, the S atoms are bonded to PV centers, sharing

the oxidation state of P with the starting precursor P2Ss.

The P2Ss precursor, properly described as the P4S10 adamantine-like molecule,
is composed of PS4 polyhedra connected by P-S-P bridges. The incorporation
of Li2S increases the sulfur content, breaking the P-S-P bridges and introducing

terminal sulfur atoms, with Li* acting as the counterion.

By mechanical milling, the reagents suffer an amorphization, and PxSy*”
polyhedra are formed according to the Li2S incorporation. In the Li2S:P2Ss
stoichiometric ratio of 75:25 mol%, Li2S is enough to break all the P-S-P bridges
in the P4S10molecule and obtain only PS43~ polyhedra, in which all sulfur atoms
are terminal. For Li2S:P2Ss stoichiometric ratio of 70:30 mol%, Li2S is not
enough to break all P-S-P bridges, which results in the formation of P2S74-
polyhedra. The P2S7*~ polyhedron consist of two PS4~ polyhedra connected by

a P-S-P bridge.

A minor presence of hypo-thiodiphosphate (P2Ss*") units has been observed in
glasses with different stoichiometries, with Li2S content from 60 to 80 mol%,
that had been prepared by mechanical milling [34]. However, the formation of

P2Se*” units corresponds to an undesirable decomposition during the syntheses.
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Figure 1.14 Molecular structure of Phosphorus(V) sulfide
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In the common thiophosphate polyhedra, the S atoms are bonded to PV centers
(with the same oxidation state of P as the precursor P4S10). On the other hand,
P2Se*” units contain a P-P bond with P centers, which implies a reduction of
PV to P"V. In the following discussion, this undesirable formation of the P-P bond

will not be taken into account to maintain simplicity.

The LizP3S11 crystal phase is formed in glasses with stoichiometry composition
of 70Li2S:30P2Ssin mol%, prepared by mechanical milling, upon heat treatment
at 250 °C - 350 °C. Via liquid-phase, a different crystallization process was
observed. To understand the reaction mechanisms that take place in the liquid-

phase synthesis, the focus was placed first on the precursors.

Precursors solubility

Figure 1.15a displays a mixture of P2Ss and acetonitrile, in the same amount
used for the synthesis with mass concentration of 5g/L (Table 1.3). The mixture

consisted of a yellow powder and a yellowish suspension.

Figure 1.15b displays a mixture of Li2S in acetonitrile, in the same amount used
for the synthesis with mass concentration of 5g/L (Table 1.3). The mixture
consisted of a white powder and a bluish suspension. The blue color in the
literature has been associated with the presence of the polysulfide anion S3~
[35, 36]. The formation of such polysulfides has been explored in the close field

of Li-S batteries [37], and it also has been found that solvents such as
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Figure 1.15 a) Mixture of P2Ss and acetonitrile, and b) mixture of Li2S with

acetonitrile
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acetonitrile can stabilize them [38]. Although, deeper characterization of the
solutions is necessary, the blue color observed in the mixture of Li2S and
acetonitrile, and also observed during the liquid-phase synthesis of sulfide
electrolytes with acetonitrile as solvent (Figure 1.12b), can be associated to the

possible formation of polysulfides as intermediates in the reaction pathway.

Figure 1.16 displays mixtures of Li2S and P2Ss in acetonitrile with Li2S:P2Ss
stoichiometric compositions of 50:50, 60:40 and 70:30 in mol%. The mass
concentration corresponds to 5 g/L. While both Li2S and P2Ss exhibits negligible
solubility in acetonitrile, both in the stoichiometric composition of 50:50 mol%,
produced a transparent yellow solution. The further addition of Li2S resulted in
a white precipitate. Similar behavior has been observed in solvents such as

ethyl propionate [39, 40].

Formation of the meta-thiodiphosphate P2Se?>~ anion

The transparent yellow solution containing Li2S and P2Ss in the stoichiometric
composition of 50:50 mol% was investigated. The yellow solution was dried at
180 °C under vacuum and subsequently heat treated at 220 °C. An additional
sample was dried at the lower temperature of 100 °C under vacuum, for
comparison. The 50Li2S:50P2Ss sample was characterized by X-ray diffraction

and Raman spectroscopy after each step of the synthesis.
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Figure 1.16 Mixtures of Li2S and P2Ss in acetonitrile, in the Li2S:P2Ss

stoichiometric compositions of a) 50:50, b) 60:40 and c) 70:30 in mol%.
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Figure 1.17 shows XRD patterns of the 50Li2S:50P2Ss sample after drying at
100 °C or 180 °C under vacuum and after drying at 180 °C and subsequent
heat treatment at 220 °C. After drying at 100 °C, the 50Li2S:50P2Ss sample
exhibited an amorphous structure. After drying at 180 °C, the sample
crystallized in an unknown crystal structure. After drying at 180 °C and
subsequent heat treatment at 220 °C, peaks corresponding to the Li2P2Se

crystal phase were observed.

The local structure of the Li2P2Se crystal phase is formed by P2Se?~ polyhedral
[41]. In contrast to the P2Se*" units, containing a P-P bond, the P2Ss?" units
consists of two edge-sharing PS4 tetrahedra. The P2Se?™ units were reported to
exhibit two Raman peaks at 421 cm™ and 395 cm™ [41]. The most intense peak
at 421 cm~! was assigned to the symmetric stretching mode of the P-S-P-S ring
[41]. For a better understanding, the local structure of the 50Li2S:50P2Ss
sample, here synthesized, was examined after each step of the synthesis, by

using Raman spectroscopy.

Figure 1.18 shows the Raman spectra of the 50Li2S:50P2Ss sample after drying
at 100 °C or 180 °C under vacuum, and 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™, its assignment is
discussed below. Raman bands centered at 235 cm™, 311 cm™, 500 cm™, 560
cm™, 585 cm™, 650 cm™ and 675 cm™ are not attributed to the PS4, 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 [24, 25].
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Figure 1.17 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 1.18 Raman spectra of the 50Li-S: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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The Raman spectrum of the sample after drying at 180 °C, exhibited a similar
spectrum to that of the sample after drying at 100 °C, at the lower Raman shift.
At the higher Raman shift, the Raman bands attribute to acetonitrile were no

longer observed.

The Raman spectrum of the sample after heat treatment at 220 °C, exhibited
mainly two bands centered at 390 cm™ and 417 cm™. In good agreement with
the report of Dietrich et al. [41], the Raman spectrum of the Li2P2Ss solid
electrolyte obtained after the heat treatment at 220 °C (Figure 1.18c), exhibited
an intense peak at 417 cm™ and an additional peak at 390 cm™. Hence, it was
confirmed that the local structure of the solid electrolyte containing the Li2P2Se

crystal phase was composed of P2Se?™ units.

The Raman band located at 417 cm™, associated to the P-S-P-S ring in the
P2Se?~ units, was not observed in the sample obtained after drying at 100 °C
and was observed only in a small proportion in the sample obtained after drying
at 180 °C. These large chemical changes in the Li2P2Se solid electrolyte upon
crystallization has been observed before, by using NMR spectroscopy [42].
Eckert et al. suggested that the structure of a Li2P2Se glass, prepared by melt-
guenching, was formed by corner-sharing units (PS3~ chains), that upon
crystallization, would form the P2Se?>” edge-sharing units [42]. While at this
moment no report on the Raman spectra of such polymerics species of corner-
sharing units has been reported, under the proposed by Eckert et al. [42], the
band located at 390 cm™ in the Raman spectra of the 50Li-S:50P2Ss sample,

reported in this work, could be assigned to the (PSs™)n polymeric chains.
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The P2Se?>” edge-sharing units that constitute a violation of the Zachariasen
bonding principle [44] have been found possible in crystalline materials in the
Li2S-P2Ss[42] or Li2S-SiS2[43] systems, however, the tendency to find them in
the glassy state is much less pronounced. In good agreement, the Raman band
at 417 cm™, attributed to the P-S-P-S ring was only observed after

crystallization, and not in the amorphous material.

Scheme 1.2 illustrates the possible reaction pathway for the formation of the
meta-thiodiphosphate P2Se?>~ anion through liquid-phase. It is generally
accepted that P4S10 can dissociate into the reactive P2Ss under the refluxing of
solvents such as acetonitrile (Scheme 1.3) [44]. It is believed that in the
synthesis of Li2S-P2Ss sulfide electrolytes by liquid-phase using acetonitrile as
the solvent, the dissociation of P4Sio into P2Ss through acetonitrile mediation
would provide the initial step for the reaction. P2Ss with the unfavorable o3A°
bonding situation is unstable unless the missing forth coordination partner is
provided [45]. This is believed to be the driving force for the rapid reaction with
Li2S in 1:1 mol%. The results found in the liquid-phase synthesis of Li2P2Ss,
suggest that P2Ss and Li2S would react to form (PSs™)n chains. Heat treatment
at temperatures above 220 °C would provide the necessary energy to break
half of the P-S-P bonds in the (PSs3)n chains and form the meta-

thiodiphosphate P2Se?~ units.
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Formation of the ortho-thiophosphate PS4°~ anion

Formally, PS4 units are formed from the stoichiometric composition
3Li2S:1P2Ss (75Li2S:25P2Ss mol%), with an excess of Li2S in comparison to the

composition with the 1:1 molar ratio (50Li2S:50P2Ss mol%).

It can be expected than in the first step of the synthesis, Li2S and P2Ss in the
1:1 molar ratio react to form (PSs™)n polymeric chains. Further, the incorporation
of Li2S increase the sulfur content, breaking all P-S-P bridges and incorporating
terminal sulfur with Li* acting as the counterion. Scheme 1.4 illustrates the
possible reaction pathway for the formation of the ortho-thiodiphosphate PS4~

anion through liquid-phase.

As PS4%" units are formed, acetonitrile molecules complexed with them and
form a crystalline structure as has been discussed before (Figure 1.12a). This
complex formation between PS43~ units and solvent molecules is not unique to
acetonitrile. Solvents such as tetrahydrofuran [10], ethyl acetate [13], dimethyl
carbonate [15] and 1,2-dimethoxyethane [46] have also been reported to form
complexes with PS4®~ units. However, among all the solvents, acetonitrile
exhibits a stronger binding with the PS4~ units. A complex of PS43~ units with
THF, EA, DMC and DME solvents dissociates at temperatures around 100 °C.
In the case of acetonitrile, almost double of this temperature is necessary
(above 180 °C). The acetonitrile stronger binding can be attributed to its

relatively high polarity and small size.
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Formation of the pyro-thiodiphosphate P2S7* anion

P2S7%" units have been found in Li2S-P2Ss glasses, prepared by mechanical
milling, in compositions with Li2S content from 60 to 75 mol% [34]. In the
mechanical milling process, the increase in the sulfur content due to Li2S
incorporation breaks the P-S-P bridges in the P4S10 molecule, and PxSy?~ units
are formed according to the Li2S incorporation. On the other hand, no similar

reaction process has been found in the liquid-phase synthesis.

Through liquid-phase, PS43~ units are readily formed in Li2S:P2Ss compositions
with Li2S content more than 50 mol%. However, the formation of P2S74~ units
has been found only after the dissociation of the PS43"-ACN complex and heat
treatments over 220 °C. Similar results have been found recently by Wang et
al. [33]. In the synthesis of a 70Li2S:30P2Ss sample by liquid-phase using
acetonitrile as the solvent, if the precipitated phase is separated from the
supernatant, after heat treatment, the precipitated phase crystallizes in the -
LisPSa crystal phase, and the supernatant crystallizes in the Li2P2Ss and LisP2Ss
crystal phases. No formation of P2S7%~ units is found in the precipitated phase
neither in the supernatant [33]. These results suggest that P2S7%~ units may not
be stable in solution. Hence, the formation of P2S7* units would be attributed
to reactions between PS43~ units and (PS37)n chains to achieve redox-equilibria
upon heat treatment. Scheme 1.5 illustrates the proposed reaction pathway for

the formation of the pyro-thiodiphosphate P2S7* units.
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As discussed above, (PS37)n chains proceed to the formation of P2Se?~ units
upon heat treatment. A preferable formation of the corner-sharing P2S7*~ units
over the edge-sharing P2Se?" units can be expected. However, the formation of
P2S7*" units would require an S° transfer from the PS4~ units. This redox
processes in the PS4*>" anion has been observed before [47]. Although, only

speculation at this point, the following redox reactions are proposed:

2PSsa3 +6LI" — »  P2S* +4Lir+ SO+ 2L (1)

2 PSs™+2Li*+ SO+ 2 Li* ———  PpS74 + 4Lt )

The Li2S-P2Ss materials containing PS4*~ and P2S7*" units, crystallized in the
high ionic conductive Li7P3Si1 crystal phase with heat treatment above 220 °C,
similar to the findings of Mizuno et al., in the materials prepared by mechanical

milling [32].

Discussion and summary

The special focus on the Li2S and P2Ss precursors and their reaction in 50:50
mol% allowed the understanding of the initial chemical reactions that trigger the

formation of the PxSy*~ thiophosphate units.
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Li2S and P2Ss in the stoichiometric composition of 50:50 mol% readily dissolve
in acetonitrile to form a clear yellowish solution. After the drying process at
100 °C, an amorphous structure was observed by X-ray diffraction. The
amorphous structure crystallizes into an unknown structure at 180 °C and
crystallized in the Li2P2Se crystal phase at the slightly higher temperature of
220 °C. In good agreement with the X-ray diffraction measurements, the Raman
spectra of the sample exhibited large local structural changes in the sample

upon crystallization.

The Li2P2Ss crystal phase, which local structure is formed by P2Se?" units, is
only observed after heat treatment at 220 °C, in good agreement, the Raman
band corresponding to the P-S-P-S ring in the P2Se?~ units, is clearly observed
only after heat treatment. These results and previous NMR studies by Eckert et
al. [42] suggest that the 50Li2S:50P2Ss sample is formed by polymeric chains

composed of PS®" units, prior to the crystallization.

The formation of such [PSs7]n polymeric chains with high solubility would
constitute the initial step of the reaction to form the PxSy?™ units. The possible
reaction pathways for the formation of the meta-thiodiphosphate P2Ss?", the
ortho-thiodiphosphate PS43~ and the pyro-thiodiphosphate P2S7%~ anions was

hypothesized.

The increase of the Li2S content to the 50Li2S:50P2Ss sample, would break the
P-S-P bonds in the [PS37]n polymeric chains to form PS4~ units. The formed
PS43" units complexed then with acetonitrile molecules to form a particular
crystal structure. The PS43-ACN complex dissociates only at temperatures

above 180 °C.
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Although, a similar process can be expected for the formation of P2S7#~ units,
experimental results indicate that the P2S7*~ units are not stable in the solution
(slurry state). Raman bands corresponding to the P2S7*~ units were observed
only after heat treatments at temperatures above 180 °C. The possible
formation mechanism of P2S7#~ units would be associated with redox processes
that take place at the dissociation of the PS43"-ACN complex. PS43~ units would
undergo redox reactions to form P2S7*~ units and sulfur as a sub product. The
sulfur provided by the redox reactions would react with the remaining [PS37]n
polymeric chains to also form P2S7# units. The materials containing PS43~ and

P2S7%" units crystallizes in the high ion conductive LizP3S11 crystal phase.
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Summary

This part reported the preparation of Li2S-P2Ss solid electrolytes by liquid-phase
process. Li2S and P2Ss were used as the precursors and acetonitrile as the
medium for the reaction. The application of ultrasonic irradiation was found to
enhance the reaction in comparison to the magnetic stirring method. The time
for the reaction was reduced from days to minutes (30-180 min). After the
application of ultrasonic irradiation, the solvent was removed at 180 °C under

vacuum, and heat treatment at 220 °C was subsequently applied.

Li2S-P2Ss solid electrolytes containing the LizP3Sa11 crystal phase were obtained
for compositions with Li2S content from 70 to 75 mol%. A Li2S impurity was also
found in all compositions. Although the Li7zP3S11 crystal phase was identified in
all the compositions, the distribution of PxSy?~ thiophosphate units (PS43~, P2S74~
and P2Se*") in the local structure of the solid electrolytes was different for each
composition. The solid electrolyte with Li2S content of 74 mol%, exhibited a high
ionic conductivity up to 1072 Scm™. The presence of P2S7*" units (respect to
PS4%" and P2Se*" units), in the solid electrolyte with Li>S content of 74 mol%,
was found higher compared to the other samples. It can be inferred that the
high content of P2S7* units in the structure of the Li2S-P2Ss sulfide solid

electrolytes resulted in the formation of high ionic conductive materials.

The crystallization process that takes place in the liquid-phase process was
studied in the Li2S-P2Ss solid electrolyte with Li2S content of 74 mol%. Crystal
and local structure, morphology and impedance were studied after each step

of the synthesis. The formation of PS43" units was observed, by Raman
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spectroscopy, after only 30 minutes of ultrasonic irradiation. X-ray diffraction
and Raman spectroscopy studies revealed the complex formation between
PS4%" units and acetonitrile molecules, named here as PS4*-ACN. The
PS43-ACN complex was dissociated upon heat treatment at 220 °C. The
dissociation of the complex was accompanied by the formation of P2S7*~ units
resulting in the precipitation of the LizP3S11 crystal phase. The crystallization of
the high ionic conductive Li7P3S11 crystal phase led to an increase in the ionic

conductivity of three orders of magnitude, from 1.4 x 107 to 1 x 1072 Scm™.

Particularly, the solid electrolyte exhibited a particle size of around 500 nm,
more than ten times smaller compared with the particle size obtained by
mechanical milling, revealing the potential of the liquid-phase process to control

the morphology of the sulfide solid electrolytes.

In the effort to preserve the stoichiometry, the effect of the mass concentration
and the effect of the ultrasonic irradiation time on the properties of the
70Li2S:30P2Ss solid electrolyte were studied. A mass concentration of 5 g/L and
a longer time for ultrasonication (120 — 180 min.) was effective in obtaining a
solid electrolyte containing the Li7P3Si1 crystal phase, with minor impurities,

from the stoichiometric composition of 70Li2S:30P2Ss in mol%.

Finally, the formation mechanism of the LizP3S11 crystal phase through liquid-
phase process was hypothesized. Contrary to the mechanical milling process,
in which the incorporation of Li2S results in the breaking of the P-S-P bridges in
the P4Si10 molecule, forming the PxSy*~ thiophosphate units; via liquid-phase,
the reaction would proceed to the only formation of PS4%" units through

intermediates [PS37]n polymeric chains.
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The possible formation mechanism of the P2S7*" units is associated to redox
reactions between PS43~ units and remaining [PS37]n chains, at the temperature
of the PS43~-ACN complex dissociation (> 180° C). The formation of the P2S74~
units in Li2S-P2Ss solid electrolytes resulted in the crystallization of the LizP3S11

crystal phase.
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Introduction

All-solid-state lithium batteries using inorganic solid electrolytes instead of liquid
electrolytes are expected to meet the required energy density and safety needs
[1]. Sulfide-based solid electrolytes exhibit high ionic conductivity comparable
to liquid electrolytes, and have good deformability due to their low Young’s
modulus [2]. However, development of a favorable electrode-electrolyte
interface in bulk-type all-solid-state batteries is still a challenge [3]. Bulk-type
all-solid-state batteries use composite electrodes with a powder mixture of
active materials and additives to improve both the electronic and lithium ion
conduction [4]. Addition of carbon materials, such as VGCF (Vapor-grown
carbon fiber), in a content of around 2 wt.% is enough to achieve sufficient
electronic conduction in the composite cathode [5]. However, a rather high
content of solid electrolyte (60 wt%) is necessary to provide a good enough
lithium ion conduction path [4]. A large interfacial contact area between active
material and electrolyte particles and efficient ion-conductive pathways are
necessary to obtain a good electrochemical performance in the all-solid-state
battery [3, 6]. Solid electrolyte coating on active materials by using Pulser Laser
Deposition (PLD) has been proven to be effective to obtaining high capacity
and good electrochemical performance in the all-solid-state-cells, due to the
formation of intimate electrode-electrolyte contacts [7]. However, a scale-up of
the PLD technique for commercial application may not be practical. A new
approach is the use of small-sized solid electrolyte particles. It has been
reported that dense and homogeneous electrode layers with an effective

lithium-ion conduction pathway and a large electrode electrolyte interfacial
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contact area can be formed by the use of smaller-sized solid electrolyte
particles [8]. Sulfide solid electrolytes that are typically prepared by mechanical
milling process, are subsequently pulverized by using smaller diameter balls [8].
However, synthesis and pulverization, carried out by the mechanical milling
process requires high energy and a long time.

As described previously, a solid electrolyte containing the LizP3Si1 crystal
phase, with high ionic conductivity (1x102 Scm™ at 22 °C) and small particle
size, was successfully synthesized by an efficient procedure involving a liquid-
phase process under ultrasonication and low heat treatment at 220 °C. The
interaction between solvent and particles during the ultrasonication and the
solvent removal led to obtaining the small particle size of around 500 nm. In
contrast, sulfide solid electrolytes prepared by mechanical milling have particle
sizes greater than 10 um. A solid electrolyte with high ionic conductivity and
small particle size is expected to be a suitable electrolyte to obtain a good ionic
conduction path and large electrode electrolyte interfacial contact area in the
composite cathode of all-solid-state batteries.

In this section, the electrochemical performance of an all-solid-state battery
using NCM (LiNbOs-coated LiNiisCo13Mn1302) as a high voltage cathode
material [9], VGCF as an electronic conductive additive, favorable to form
continuous electron conducting path within the electrode [4] and a solid
electrolyte containing the LizP3Si11 crystal phase, prepared by liquid-phase
under ultrasonic irradiation, as the ionic conductor in the composite cathode,
was investigated and compared it to that of the all-solid-state battery using a
solid electrolyte containing the Li7P3Si1 crystal phase but prepared by

mechanical milling.
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Experimental

Preparation of Li7P3S11 solid electrolyte by liquid-phase

LizP3S11 was synthesized by liquid-phase, following the synthesis procedure
described in the first section of the previous part. Li2S (Mitsuwa Chemical,
99.9%) and P2Ss (Aldrich, 99%), in stoichiometry composition of 74:26 mol%,
were mixed in anhydrous acetonitrile (Wako Pure Chemical Industries), with a
mass concentration of 50 g/l. The mixture was ultrasonicated under 28 kHz
using an ultrasonic bath (Shimadzu SUS-103) for 30 minutes. The
ultrasonication process formed a white suspension. The suspension was dried
at 180 °C for three hours under vacuum to remove the solvent and obtain solid
powders. The solid electrolytes powders were manually ground, using an agate
mortar. Subsequently, the powders were heat-treated at a temperature of

220 °C.

Preparation of LizP3S11 solid electrolyte by mechanical milling

LizP3S11 was synthesized by mechanical milling, following a report by

Tatsumisago et al. [2]. Mixture of Li2S (Mitsuwa Chemical, 99.9%) and P2Ss
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(Aldrich, 99%) as starting materials was put into a zirconia pot (volume = 45
mL) with 500 zirconia balls (4 mm diameter). The mixture was ball-milled at 510
rpm for 10 h using a high-energy planetary ball mill apparatus. Subsequently,
the resulting powder was heat-treated at 220 °C for 1 h, corresponding to the
same heating temperature for the solid electrolyte prepared by liquid-phase, to

achieve similar ionic conductivity.

Preparation of 80Li2S-20P2Ss solid electrolyte by mechanical milling

The 80Li2S-20P2Ss (mol%) solid electrolyte was prepared by mechanical milling.
A mixture of Li2S and P2Ss was put into a zirconia pot (volume = 45 mL) with

500 zirconia balls (4 mm diameter) and was ball-milled at 510 rpm for 10 h.

Fabrication of all-solid-state cells

Bulk-type all-solid-state cells were constructed as follows. LiNbOs-coated
LiNi13C01/3Mn1302 (NCM) [8, 10], LizP3S11 solid electrolyte and Vapor Grown
Carbon Fiber (VGCF, Showa Denko), with a weight ratio of 79:19:2 were mixed
to prepare the composite cathode. 80Li2S-20P2Ss (mol%) glass and In metal

(99.99% 0.1 mm thickness) were used as separator layer and anode,
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respectively. Bilayer pellets (¢ = 10 mm) consisting of the composite cathode
(10 mg) and 80Li2S-20P2Ss solid electrolyte (80 mg) were obtained by pressing
under 360 MPa at room temperature; indium foil (40 mg) was then attached to
the bilayer pellets by pressing under 240 MPa. The three-layered pellets were
sandwiched between two stainless-steel rods as current collectors to fabricate
two-electrode cells. All of the processes were performed in an Ar-filled glove

box.

Characterization

The crystal phase and chemical composition of the solid electrolytes were
studied by using X-ray diffraction (XRD) and Raman 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). Raman spectra were recorded between 500 and 300

cm™L.

The morphology of the sulfide solid electrolyte particles and the prepare
composite cathodes were observed by scanning electron microscopy (SEM)
performed on a JIB-4600F Multibeam SEM-FIB Scanning Electron Microscope,

equipped with an energy-dispersive X-ray spectroscopy (EDX) system.
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Electrochemical impedance spectroscopy measurements of the all-solid-state
cells were performed using an impedance analyzer (SI 1260, Solartron)
coupled with a potentiostat/galvanostat device (SI 1287, Solartron), in the

frequency range from 0.1 Hz to 1 MHz at the amplitude of 80 mV.

Charge-discharge performance of the cells was evaluated under a constant
current (CC) mode at 25 °C, under Ar atmosphere, using a charge-discharge

measuring device (580 battery type system, Scribner Associates).
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Results and discussion

1. Li7P3S11 solid electrolyte prepared by mechanical milling and liquid-

phase

The structure and properties of the sulfide solid electrolytes prepared by the
liquid-phase and mechanical milling processes were studied by using X-ray
diffraction, Raman spectroscopy, scanning electron microscopy and

electrochemical impedance spectroscopy.

Crystal phase and local structure

Figure 2.1a shows the XRD patterns of the synthesized sulfide solid electrolytes,
prepared by liquid-phase and mechanical milling. The main peaks
corresponding to the LizP3S11 phase were observed in both samples. The peak
at 26 = 27° in the sample prepared by liquid-phase could be assigned to the

Li2S phase.
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Figure 2.1 a) XRD patterns of the sulfide solid electrolytes prepared by liquid-
phase and mechanical milling. b) and c) Spectral deconvolution of Raman
spectra of the sulfide solid electrolytes prepared by the liquid-phase and
mechanical milling processes, respectively. Spectra deconvolution was

performed by using a Gaussian-Lorentzian function.
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Figures 2.1b and 2.1c show the deconvolution of the Raman spectra of the
sulfide solid electrolytes prepared by the liquid-phase and mechanical milling
processes, respectively. Deconvolution of Raman spectra was performed by
using a Gaussian—Lorentzian function. Both Raman spectra displays a wide
band centered around 401 cm™. Deconvolutions shows that the wide bands
were composed by three bands centered around 420 cm™, 401 cm™ and 385
cm™ attributed to PS43" (orthothiophosphate), P2S7*~ (pyro-thiophosphate) and

P2Se*” (hypo-thiodiphosphate) units, respectively.

Morphology

Figure 2.2a shows the morphology of the sulfide solid electrolyte prepared by
liquid-phase. Irregular particles with particle size around 500 nm were observed.
As discussed above, the particle size and morphology can be attributed to the
interaction between solvent and particles during ultrasonication and solvent
removal. The particle disaggregation produced during the ultrasonication
process and the surfactant function that acetonitrile plays during the solvent
removal may have led to obtaining the small individual particles. Figure 2.2b
shows the morphology of the sulfide solid electrolyte prepared by mechanical

milling. A particle size larger than 10 um was observed.
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Figure. 2.2.SEM micrographs of LizP3Si1 solid electrolyte prepared by the a)

liquid-phase and b) mechanical milling processes.
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Impedance analysis

Figure 2.3 shows the impedance spectra of the pelletized samples. Both
samples exhibited only a capacitive tail at high frequencies, which is attributed
to the contribution of the interface between the solid electrolyte and the blocking
stainless steel electrodes. Each resistance was estimated by the value of Z' at
the intercept with the real axis obtained by linear fitting. The total ionic
conductivity at room temperature of LizP3S11 solid electrolyte obtained by liquid-
phase and mechanical milling, attained 1 x 10 Scm™ and 1.9 x 103 Scm™,

respectively.

Discussion and summary

The evaluation of the prepared solid electrolytes by X-ray diffraction exposed
the formation of LizP3S11 as the main crystal phase in both samples. Raman
spectroscopy indicated that structural units of PS43~, P2S7*~ and P2Se*" are
contained in the structure of the solid electrolytes prepared by both processes.
Although a similar wide Raman band was observed in both samples, the
deconvolution of the Raman bands elucidates a different distribution of the
PxSy?” units. The major fraction corresponds to P2S7*" units when the solid

electrolyte was prepared by liquid-phase and PS4*" units when the solid
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Figure. 2.3. Impedance spectra of pelletized LizP3Si1 solid electrolytes

prepared by liquid-phase (purple circles) and mechanical milling (blue squares).
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electrolyte was prepared by mechanical milling. Differences in the local
structure can be due to the different reaction and crystallization mechanisms

that take place by the liquid-phase and mechanical milling processes.

Evaluation of the morphology by SEM shows that the particle size obtained by
the liquid-phase process is more than 10 times smaller than that of the particle
size obtained by the mechanical milling process. Even though there is a
significant difference in particle size between both solid electrolytes, the ionic
conductivity evaluated by EIS showed that both exhibited a comparable ionic
conductivity over 102 S cm™!. Sulfide solid electrolytes possess a Young's
moduli of about 20 GPa [11], which is around 10 times lower than that of the
oxides solid electrolytes (about 200 Gpa [12, 13]). The low Young’s moduli
enable a room temperature pressure sintering, and therefore, the resistance of
pelletized sulfide solid electrolytes is not largely influenced by the particle size.
The slightly higher ionic conductivity of the solid electrolyte prepared by
mechanical milling may be due to the different distribution of PxSy#~ units in the

local structure.

Both solid electrolytes exhibited the LizP3S11 crystal phase attaining comparable
high ionic conductivity over 102 S cm™, and a different morphology. High ionic
conductivity and a favorable morphology is necessary to obtain an effective
lithium-ion pathway in the composite cathode, and therefore a good
electrochemical performance in the bulk-type all-solid-state batteries. Thus, the
influence of both LizP3Si1 solid electrolytes, prepared by liquid-phase and
mechanical milling processes, as the ionic conductor in the composite cathode

for bulk-type all-solid-state batteries was investigated.
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2. Morphology of the electrode composites

Figure 2.4 shows SEM images and energy-dispersive X-ray spectroscopy
(EDX) elemental mappings for oxygen (O), manganese (Mn), phosphorous (P)
and sulfur (S) of cross-sections of the composite cathode layers prepared by a
simple mixture of NCM as cathode material, VGCF as electronic conductive
additive and Li7P3Si11 synthesized by mechanical milling and liquid-phase
processes as ionic conductive additive. The EDX elemental mappings of O and
Mn show the distribution of NCM and the EDX elemental mappings of P and S
show the distribution of the solid electrolyte. SEM and EDX images of the
composite cathode with LizP3S11 prepared by mechanical milling (Figure 2.4a),
show large agglomerations of NCM patrticles, and large aggregates of solid
electrolyte, greater than 20 um. The poor distribution of the solid electrolyte in
the composite cathode was expected due to its large particle size (Figure 2.2b).
To obtain a good dispersion of solid electrolyte with large particle size is difficult
due to the rather high active material content in the composite cathode. The
SEM image of the composite cathode with LizP3S11 prepared by liquid-phase
(Figure 2.4b), does not allow the identification of the solid electrolyte in the
composite cathode. However, EDX analysis shows that the solid electrolyte
was located between the NCM particles. A better distribution of the solid
electrolyte through the composite cathode was observed, which is attributed to

the small particle size of the solid electrolyte.
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Figure 2.4. SEM images and EDX elemental mappings for O, P, Mn and S of
cross-section of the positive composite electrode layer using NCM as active
material and solid electrolyte containing the Li7P3S11 crystal phase prepared by

a) mechanical milling and b) liquid-phase processes as the ionic conductor.
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3. Electrochemical characterization of the all-solid-state cells

Galvanostatic measurements

Figure 2.5 shows the first charge-discharge curves and cycle performance of
all-solid-state cells with composite cathode fabricated with NCM, VGCF and
Li7zP3S11 prepared by liquid-phase and mechanical milling processes. The
measurements were conducted using a constant current (CC) mode at a
current density of 0.13 mA cm™2 and cut-off voltages of 3.8 and 2 V. The all-
solid-state cell constructed using LizP3S11 prepared by the mechanical milling
process had an initial discharge capacity of 46 mAh g=t. The inhomogeneous
distribution of NCM and solid electrolyte in the composite cathode layer (Figure
2.4a) resulted in a poor interfacial contact area between active material and
electrolyte particles, and therefore in limited lithium ion-conductive pathways,
which led to a deficient use of the active material. In contrast, the all-solid-state
cell constructed using Li7P3S11 prepared by the liquid-phase process, had an
initial discharge capacity of 154 mAh g, more than three times higher than
that of the all-solid-state cell using LizP3S11 obtained by the mechanical milling
process. These results show that the better distribution of the solid electrolyte
in the composite cathode, due to the small particle size of the LizP3S11 prepared
by the liquid-phase, was effective in achieving more favorable lithium ion
pathways to the NCM particles, and therefore achieving a larger discharge

capacity.
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Figure 2.5. a) First charge-discharge curves and b) cycle performance of the
all-solid-state cells using NCM as active material and LizP3S11 prepared by
liquid-phase and mechanical milling processes as the ionic conductor in the

composite cathode.
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The all-solid-state cell with the composite cathode containing Li7P3Sii,
prepared by liquid-phase, exhibited a capacity retention of 81% after 30 cycles,
and a coulombic efficiency over 99% after the first 3 cycles. The all-solid-state
cell with the composite cathode containing Li7P3S11 prepared by mechanical
milling, exhibited a capacity retention of 87% after 30 cycles, and a coulombic

efficiency over 99% after the first 10 cycles.

Impedance analysis

Figure 2.6a and b shows the impedance profiles of the all-solid-state cells of
Figure 2.5 before charging and after the 30t cycle in the charged state. Before
charging, both impedance profiles consist of an incomplete semicircle, due to
the lower resistance, at high frequency (1 MHz) and a capacitive tail at low
frequency (100KHz), corresponding to the total resistance (Bulk and grain
boundary) of the 80Li2S-20P2Ss solid electrolyte used as separator layer (ca.
120 Q), and the electrode interfaces (composite cathode and indium anode),
respectively. After 30 cycles, two additional semicircles are observed in the
impedance profiles. The top frequencies of the semicircles are 1 kHz and 1 Hz.
The resistance observed at the medium (1 kHz) and low frequency (1 Hz)
regions have been attributed to the resistances in the positive electrode layer
and the negative electrode layer, respectively [14]. Fitting results of the
impedance profiles (solid line in Figure 2.6a and b) using the equivalent circuit

of Figure 2.6¢ are shown in Table 2.1.
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Figure 2.6 Nyquist plot of the impedance profiles of the all-solid-state cells
using NCM as active material and Li7P3S11 prepared by a) liquid-phase and b)
mechanical milling processes as the ionic conductor in the composite cathode,
before charge and after the 30" charge. Open circles represent the measured
data, and solid lines indicated the fit of the data. c) Equivalent circuit for the

impedance profiles fitting.
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Table 2.1. Fitting Results of the EIS Spectra of the all-solid-state cells using

NMC as active material and Li7P3S11 prepared by the liquid-phase and

mechanical milling processes as ionic conductive additive in the composite

cathode
Cell R1
NCM/ Li;P3S4 (liquid-phase) before charge 119.6

NCM/ Li;P3S+ (liquid-phase) after 30 cycles 119.6

NCM Li7PsS11 (mechanical milling) before
119.6
charge

NCM/ Li;P3S+11 (mechanical milling) after 30
119.7
cycles

R2

67

25

R3

46

48
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The resistance at the high frequency region exhibited a similar value to that of
before the battery cycling (ca. 120 Q), in both cells. The high frequency
resistance is essentially independent of the battery cycling since it corresponds
to the lithium transport in the solid electrolyte used as separator layer. At the
low frequency region (1Hz), no remarkable difference is observed between both
cells (ca. 47 Q). These results corroborate that both cells are equal at the
separator and negative electrode layers, and that the different electrochemical
behavior can be assigned to differences at the electrode-electrolyte interface at
the positive electrode layer. The resistances at the medium frequency were
determined to be 67 Q and 25 Q for the composite cathodes containing Li7P3S11
prepared by liquid-phase and mechanical milling processes, respectively. The
resistance in the positive electrode layer has been explained by two possible
mechanisms: formation of a space-charge layer at the interfaces [15] and
interfacial chemical reactions that involves elements mutual diffusion between
the oxide cathode materials and sulfide electrolytes [14]. Oxide coatings on
cathode materials has been found to suppress the interfacial resistance [16].
However, development of completely uniform coating layers without any gap is
difficult [10]. Thus, formation of the high-resistance interfaces in the positive
electrode can be expected. From these results, the capacity decay observed
in both cells may be attributed to the formation of the high-resistance interfaces.
The larger resistance corresponding to the positive electrode layer that was
found in the all-solid-state cell with the composite cathode containing Li7zP3S11
prepared by liquid-phase, could be related to the possible presence of

remaining organic complexes in the solid electrolyte due to the liquid-phase
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synthesis [17], and the larger interfacial contact area between active material

and electrolyte particles.

4 Electrochemical characterization under high charge-end voltage

The electrochemical behavior of the all-solid-state cell with composite cathode
containing Li7P3S11 prepared by liquid-phase was investigated under high-

charge-end voltages.

Galvanostatic measurements

After the first 30 charge-discharge cycles (cut-off voltages of 3.8 and 2 V), the
all-solid-state cell was charged and discharged with cut-off voltages of 3.9 and
2 V for 10 cycles and subsequently with cut-off voltages of 4 and 2 V for 10
cycles. All measurements were conducted using a constant current (CC) mode
at a current density of 0.13 mA cm™2. Figure 2.7a shows the 30", 40t and 50t
discharge curves, corresponding to measurements performed with charge-end
voltages of 3.8, 3.9 and 4 V, respectively. Figure 2.7b shows the corresponding
cycle performance. The coulombic efficiency maintained at a value of around
99% for all cycles. According to the coulombic efficiency, a continuous capacity

decay was observed.
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Figure 2.7. a) 30th, 40" and 50" discharge curves of the all-solid-state cell
using NCM as active material and LizP3Siiprepared by the liquid-phase process
as the ionic conductor in the composite cathode, corresponding to
measurements performed with charge-end voltages of 3.8, 3.9 and 4 V,
respectively. b) Cycle performance corresponding to the charge-discharge

measurements performed with charge-end voltages of 3.9 and 4 V.
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Impedance analysis

Figure 2.8 shows the impedance profiles measured after the 40™ (cut-off
voltage of 3.9V) and 50" (cut-off voltage of 4V) charges of the all-solid-state cell
of Figure 2.7. The impedance profiles are similar to that obtained after the 30"
charge (Figure 2.6a). Two semicircles are observed, and the frequencies at the
top of the semicircles are 1 kHz and 1 Hz. The resistances observed at the
medium (1 kHz) and low frequency (1 Hz) regions correspond to the resistance
in the positive and negative electrode layers, respectively, as discussed above.
Fitting results of the impedance profiles (solid line in Figure 2.8) using the
equivalent circuit of Figure 2.6¢ are shown in Table 2.2. A clear increase in the
resistance at the medium frequency was observed after charge-discharge
measurements with charge-end voltages of 3.9V (4.5V vs Li)and 4V (4.6 V
vs Li), attaining 145 Q and 318 Q, respectively. The higher interfacial resistance
in the positive electrode layer could be explained by the possible degradation
of the active material and sulfide electrolytes, due to the applied high charge-
end voltages. It has been observed that NCM cathode material can undergo
lattice volume changes upon charge, and that most pronounced changes occur
at high charge-end voltages above 4.4 V [18, 19]. It has also been observed
that sulfide solid electrolytes can undergo decomposition at the interfaces,
above 4.5 V during charging process, which would result in the formation of

isolating layers [20].
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Table 2.2 Fitting Results of the EIS Spectra of the all-solid-state cell using NMC
as active material and LizrP3S11 prepared by the liquid-phase process as ionic

conductive additive in the composite cathode

Charge-end Voltage R1 R2 R3
39V 119.7 145 57
4V 119.7 318 63
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5. Study of the local structure stability of the solid electrolyte

To investigate the possible degradation of the LizP3S11 solid electrolyte, the
local structure of the solid electrolyte was analyzed by using ex-situ Raman
spectroscopy after the charge-discharge measurements with high charge-end
voltages. Ex-situ Raman spectroscopy was obtained for the composite cathode
layer after the 50™ cycle corresponding to the last measurement with charge-
end voltage of 4 V (4.6 V vs Li). Figure 2.9b shows the deconvolution of the
measurements average (900 points), by using a Gaussian—Lorentzian function.
Two main peaks centered at 405 cm™ and 420 cm™, corresponding to P2S74"
and PS4%” units were observed. Although no peak corresponding to the P2Ss*"
units was adjusted by the deconvolution, a scarce presence of these units was
observed in the experimental data. Figure 2.9a shows the deconvolution of the
Raman spectra corresponding to the as-prepared composite cathode for
comparison. Solid electrolytes containing the LizP3Si11 crystal phase can go
through changes in its structure under some input energy [21, 22]. For example,
under heating at temperatures as high as 250 °C, structural changes proceeds
to the formation of P2Se*™ units which conduces to low ionic conductivity [22].
However, in the present study no additional formation of P2Se*™ units in the
structure of the Li7P3Si1 solid electrolyte, was found after charge-discharge
measurements with high charge-end voltages. These results suggest that the
LizP3S11 solid electrolyte did not suffer a significant structural change and that
no degradation of the ionic conductivity can be expected after the charge-

discharge processes, even at high charge-end voltages.
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Hence, the formation of high-resistance interfaces in the positive electrode layer
may be attributed to volume changes of the NCM material due to the use of the

high charge-end voltage.
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Summary

LizP3S11 sulfide solid electrolyte was prepared by using liquid-phase and
mechanical milling processes. Both solid electrolytes exhibited the formation of
LizP3S11 as the main phase, and local structure composed by PS4%-, P2S74~ and
P2Se*” units. A particle size around 500 nm and 10 pm was obtained by the
liquid-phase and mechanical milling processes, respectively. Both solid

electrolytes presented a comparable ionic conductivity over 1072 Scm™.

The application of the prepared solid electrolytes as the ionic conductor in the
composite cathode of all-solid-state batteries was investigated. It was found
that the particle size of the solid electrolyte largely influences the morphology
of the composite cathode electrode. A non-homogenous distribution of solid
electrolyte and active material particles was found in the composite cathode by
using the solid electrolyte prepared by the mechanical milling, due to the large
particle size. In contrast, the small particle size of the solid electrolyte prepared
by the liquid-phase enabled a better distribution of the solid electrolyte between

the active material particles.

The all-solid-state cells using the NCM cathode material and the LizP3S11 sulfide
solid electrolyte prepared by the liquid-phase and mechanical milling processes,
exhibited a first discharge capacity of 154 mA h g and 46 mA h g™,
respectively. This suggests that the use of small-sized solid electrolytes is
effective to obtain favorable lithium ion pathways in the composite cathode
electrode, and therefore to achieve a better electrochemical performance in the

all-solid-state battery.
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The structure of the Li7P3S11 solid electrolyte, prepared by liquid-phase, in the
composite cathode after charge-discharge measurements was investigated by
using ex-situ Raman spectroscopy. Although, LizP3S11 can undergo structural
changes, which proceeds to the formation of P2Se*~ units, with some energy
input, formation of P2Se*  units was not found after charge-discharge
measurements with high charge-end voltages. This indicates that the Li7P3S11

solid electrolyte is stable against charge-discharge measurements.
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General conclusions

This thesis focused on the liquid-phase synthesis of sulfide solid electrolytes in
the Li2S-P2Ss system for the application to all-solid-state batteries. Li2S-P2Ss
sulfide solid electrolytes were prepared by a liquid-phase process under
ultrasonic irradiation and using acetonitrile as the medium for the reaction. The
studies on the crystallization process and the special focus on the precursors
and the initial reactions between them allowed the understanding of the main
reaction mechanisms governing the liquid-phase synthesis. The advantages of
the Li2S-P2Ss sulfide solid electrolytes prepared by liquid-phase were

demonstrated by their application to the all-solid-state battery.

The following results and considerations were obtained.

1. Li2S-P2Ss sulfide solid electrolytes were prepared by a liquid-phase process
under ultrasonic irradiation, using acetonitrile as the medium for the reaction.
The use of ultrasonic irradiation was effective in promoting the reaction, and
reduce the reaction time from days to minutes. Particularly, the Li2S-P2Ss solid
electrolyte with Li2S content of 74 mol% exhibited the high ionic conductivity of

1072 Scm™ and a small particle size below 500 nm.

2. The crystallization process that took place in the liquid-phase synthesis was

elucidated by examining the crystal and local structure, morphology and ionic
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conductivity of the solid electrolyte after each step of the synthesis. It was found
that the ultrasonic irradiation provides enough energy for the formation of PS43"
units after only 30 min. X-ray diffraction and Raman spectroscopy studies
revealed the complex formation between PS43" units and acetonitrile. The
complex between PS4 units and acetonitrile only dissociated at temperatures
over 180 °C. The dissociation of the complex was accompanied by the
formation of P2S7*" units resulting in the precipitation of the high ionic

conductive Li7P3S11 crystal phase.

3. Focus on the Li2S and P2Ss precursors and their reaction in 50:50 mol%
allowed the understanding of the initial chemical reactions that trigger the
formation of the PxSy?~ thiophosphate units in the liquid-phase process. As well,
the possible reaction pathway for the formation of the high ionic conductive
LizP3S11 crystal phase in Li2S—P2Ss solid electrolytes synthesized by liquid-

phase.

4. The liquid-phase derived solid electrolyte containing the Li7P3Si11 crystal
phase and small particle size bellow 500 nm, was used as the ionic conductive
additive in the composite cathode of all-solid-state batteries. The all-solid-state
cell using the solid electrolyte prepared by liquid-phase exhibited better
electrochemical performance than that using a solid electrolyte containing the
LizP3S11 crystal phase but prepared by mechanical milling. The better
electrochemical performance was attributed to the formation of large electrode-

electrolytes interfaces and favorable ion conductive pathways in the composite
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cathode because of the small particle size of the solid electrolyte. These results
clearly demonstrated the advantages of the sulfide solid electrolytes prepared

by the facile liquid-phase synthesis.

5. The structural stability of the solid electrolyte containing the LizP3S11 crystal
phase, prepared by liquid-phase, and used in the composite cathode of an all-
solid-state cell, was analyzed after charge-discharge measurements with high
charge-end voltages. The results indicated that the solid electrolyte did not
suffer significant structural changes and that no degradation of the ionic
conductivity can be expected after the charge-discharge processes at high

charge-end voltages as 4.6 V vs. Li.

This thesis provides a new approach for the liquid-phase synthesis of sulfide
solid electrolytes by using ultrasonic irradiation to enhance chemical reactivity
in the solid-liquid system. Ultrasonic irradiation was demonstrated to be a useful

technique to reduce the necessary time for the reaction, from days to minutes.

Moreover, this thesis provides deeper insights into the reaction mechanisms
governing the liquid-phase synthesis. The author hopes that the better
understanding of the formation mechanism of the PxSy*~ thiophosphate anions
that generally compose the structure of sulfide solid electrolytes, can be used
as a guide on the designing of new reaction pathways for the synthesis of

sulfide solid electrolytes with superior characteristics.
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