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Abstract:

The present invention concerns a new method for the preparation of a Li-P-S product, as well as the
products obtainable by said methods, and uses thereof especially as solid electrolytes.



10

15

20

25

30

35

CA 03147348 2022-2-8

WO 2021/044042 PCT/EP2020/074881

NEW METHOD FOR THE PREPARATION OF A LI-P-S PRODUCT
AND CORRESPONDING PRODUCTS

The present invention concerns a new method for the preparation of a Li-P-S
product, as well as the products obtainable by said methods, and uses thereof

especially as solid electrolytes.

PRIOR ART

Lithium batteries are used to power portable electronics and electric vehicles
owing to their high energy and power density. Conventional lithium batteries make
use of a liquid electrolyte that is composed of a lithium salt dissolved in an organic
sclvent. The aforementioned system arises security questions as the organic
solvents are flammable. Lithium dendrites forming and passing through the liquid
electrolyte medium can cause short circuit and produce heat, which result in
accident that leads to serious injuries.

Non-flammable inorganic solid electrolytes offer a solution to the security
problem. Furthermore, their mechanic stability helps suppressing lithium dendrite
formation, preventing self-discharge and heating problems, and prolonging the life-
time of a battery.

Solid sulfide electrolytes are advantageous for lithium battery applications due
to their high ionic conductivities and mechanical properties. These electrolytes can
be pelletized and attached to electrode materials by cold pressing, which eliminates
the necessity of a high temperature assembly step. Elimination of the high
temperature sintering step removes one of the challenges against using lithium
metal anodes in lithium batteries.

There is thus a need for new solid sulfide electrolytes.

LizPsS+1 is a Li-P-5 product which possesses a very high Li+ conductivity (1.4
x 10° S em™ at 25 °C after cold pressing)(Y. Seino, T. Ota, K. Takada, A. Hayashi,
M. Tatsumisago, A sulphide lithium super ion conductor is supenor to liquid ion
conductors for use in rechargeable bafteries, Energy Environ. Sci. 7 (2014) 627-
631). However, until today, this product is prepared through processes that require
the use of Li>S and P.Ss as reagents, which are not chemically stable in ambient

atmosphere.
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INVENTION

The aim of the present invention is to provide a new solid electrolyte,
comprising in particular Li;P13,4.

Another aim of the present invention is to provide a new process for the
preparation of a Li-P-S product such as Li;P1S,4, without requiring the exclusive use
of Li»S and P.S; as reagents.

Another aim of the present invention is to provide a new process for the
preparation of a Li-P-S product such as Li;P:S;;, without requiring working in a
protected atmosphere for the whole process.

Therefore, the present invention relates to a method of preparing a Li-P-S$
product, the method comprising at least the following steps:

{a) mixing at least Li,P:Ss, Li>S and sulfur to obtain a first mixture;

{b) heating the first mixture in an inert atmosphere, under vacuum or under
H.S flow, for a period of time and at a temperature sufficient to produce the Li-P-S
product; and

{c) cooling and optionally powdering the Li-P-S product.

Such process is a new synthesis pathway for the synthesis of an important
solid sulfide electrolyte, in particular metastable glass-ceramic Li;P;S;;, which
possesses a very high Li+ conductivity (1.4 x 102 S em™ at 25°C after cold pressing
as mentioned above).

Contrarily to the existing reaction pathways that require the use of only Li.S
and P,S; as reagents, which are not chemically stable in ambient atmosphere, this
process uses an Li — P — S compound (i.e. Li,P>Ss) as a reagent for synthesis of
another Li — P — S compound (i.e. abovementioned Li;P1S;,). The main advantage
of this specific reaction is that it promotes the possibility of using Li4P-Ss as the
storage material in a dry room prior to the synthesis of Li;P,S.;, whereas the
conventional reagents Li:S and P.5s are needed to be stored in a protected
atmosphere such as Aror N.

DEFINITIONS

Throughout this specification, unless the context requires otherwise, the word
"comprise” or “include”, or variations such as "comprises”, "comprising”, “includes”,
including” will be understood to imply the inclusion of a stated element or method
step or group of elements or method steps, but not the exclusion of any other

element or method step or group of elements or method steps. According to
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preferred embodiments, the word "comprise” and “include”, and their variations
mean “consist exclusively of".

As used in this specification, the singular forms "a", "an" and "the" include
plural aspects unless the context clearly dictates otherwise. The term “and/or”
includes the meanings “and”, “or” and also all the other possible combinations of the
elements connected to this term.

The term “between” should be understood as being inclusive of the limits.

Ratios, concentrations, amounts, and other numerical data may be presented
herein in a range format. It is to be understood that such range format is used
merely for convenience and brevity and should be interpreted flexibly to include not
only the numerical values explicitly recited as the limits of the range, but also to
include all the individual numerical values or sub-ranges encompassed within that
range as if each numerical value and sub-range is explicitly recited. For example, a
temperature range of about 120°C to about 150°C should be interpreted to include
not only the explicily recited limits of about 120°C to about 150°C, but also to
include sub-ranges, such as 125°C to 145°C, 130°C to 150°C, and so forth, as well
as individual amounts, including fractional amounts, within the specified ranges,
such as 122.2°C, 140.6°C, and 141.3°C, for example.

DETAILED INVENTION

The method of the invention thus leads to a Li-P-S product, that is to say a
product comprising lithium (Li), phosphorus (P) and sulfur (S).

According to an embodiment, the Li-P-S product is chosen in the group
consisting of: Li;P3S44, Li;PS,, LiZPSs and/or LigsP3S 5.

More preferably, the Li-P-S product is Li;P1:S44.

As mentioned above, step (a) of the process according to the invention
consists in the preparation of a first mixture from Li,P.Ss, Li-S and sulfur.

Such step is carried out by implementing usual means well-known from the
skilled person.

Preferably, step (a) consists in a chemo-mechanical or mechanochemical
reaction.

Then, according to step (b), said mixture is heated in an inert atmosphere,
under vacuum or under H:S flow, for a period of time and at a temperature sufficient

to produce the Li-P-S product.
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As mentioned above, step (b) may be carried out In an inert atmosphere or
under vacuum. Step (b) may also comprise an additional sulfur source when this
step is carried out under H,S flow.

Such heating step is camried out by implementing usual means well-known
from the skilled person, for example using a sealed quartz tube, a batch furnace or a
rotary furnace able to work under argon, nitrogen or H,S flow.

According to an embodiment, the temperature in step (b) is comprised from
150°C to 800°C, preferably from 180°C to 220°C.

According to an embodiment, the heating in step (b) is made over a period of
time comprised from 1 hour to 200 hours, for example from 6 hours to 200 hours.

Step (c) consists in cooling the product obtained after step (b). Preferably, this
product is cocled down until it reaches the room temperature. Such cooling step is
carried out by implementing usual means well-known from the skilled person, such
as for instance by letting the furnace going down at room temperature at a rate of
5°C/min.

In particular, this cooling is carried out under natural cooling for a time
sufficient to obtain a cooled product having a temperature of about the room
temperature. Within the present invention, the room temperature is defined as being
of about 25°C + 2°C.

The method of the invention may also comprise a further step of powdering.
Such step is carried out after the cooling step. Such powdering step is carried out by
implementing usual means well-known from the skilled person, such as for instance,
by crushing the sample in a mortar, or applying a low energy deagglomeration step.

Then, after step (c), the Li-P-S is recovered by any means well-known for the

skilled person, such as for instance, sieving the powder.

According to an embodiment, Li,P.Ss added in step (a) is obtained from the
reaction between Li;S and P;Ss. Such reaction is well described in prior art and well-
known from the skilled person, such as for instance high temperature solid state
reaction as described in (Solid State lonics, 178 (2007), pp. 837-841).



10

15

20

25

30

35

CA 03147348 2022-2-8

WO 2021/044042 PCT/EP2020/074881

5

The present invention also relates to the Li-P-S product obtainable by the
method as defined above.

As mentioned above, the Li-P-S product is chosen in the group consisting of:
LizP3S1,, LisPSs, Li;PSs and/or LiggP3S:.. Preferably, the present invention thus
relates to Li;P1S,, obtainable by the method as defined above.

The implementation of the method of the invention gives a specific product of
formula Li;P3S,, having a crystal structure other than the crystal structure of the
LizP3S¢4 obtained by the prior art methods.

So, the present invention also relates to a product of formula Li;P3S,, having a
crystal structure and a volume V per formula unit at room temperature comprised
between 407 and 412 angstrom cube, as measured by X-Ray Diffraction.

The X-ray Diffraction (XRD) measurements were performed for example using
Bragg-Brentano geometry with Cu K-alpha radiation within a D8 Bruker
Diffractometer. The preferred measurement conditions were of 16 second per 0.03
degrees step.

The volume V per formula unit is determined using the cell (1attice) parameters
acquired at standard atmosphere (101325 Pa) on powder samples.

The volume V per formula unit is the lattice volume V' divided by the number
of formula units Z in a cell, and Z is equal to 2 (Solid State lonics, 178 (2007), pp.
1163-1167).

As well known, V’ is derived from cell (lattice) parameters (a, b, ¢, o, B, v).

V' = a.b.c.sgrt(1 + 2cosa.cosp.cosy - cos’a - cos?p - cos?y)

(a, b and ¢ being (in Angstroms (A)) the lengths of sides (edges) and «, p and
v being the angles () between them)

According to an embodiment, the product of formula LizP3S,; according to the
invention may also comprise an amorphous phase.

Preferably, the product of formula LizP.S4, according to the invention is a
product wherein lattice (cell) parameters of the crystal structure, as measured by X-
Ray Diffraction, are as follows:

- a = 12.40 A according to the profile fitting

- b = 6.04 A according to the profile fitting

- ¢ = 12.52 A according to the profile fitting
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According to an embodiment, the product of formula Li;P2S,, according to the
invention is a product wherein lattice (cell) parameters of the crystal structure, as
measured by X-Ray Diffraction, are as follows:

- alpha = 103.30° according to the profile fitting

- beta = 113.25° according to the profile fitting

- gamma = 75.07° according to the profile fitting

The present invention also relates to the use of the product as defined above,
alone or in combination with any crystalline or amorphous conductive Li-material, as
solid electrolyte.,

Preferably, the present invention relates to the use of the product of formula
Li;PsS11 as defined above, in particular having a crystal structure and a volume V
per formula unit at room temperature comprised between 407 and 412 angstrom
cube, as measured by X-Ray Diffraction, alone, as solid electrolyte.

According to an embodiment, said product may be used in combination with
any crystalline or amorphous conductive Li-material, such as for instance beta-
LisPS,4 or glassy Li;PS,.

The present invention also relates to a solid electrolyte comprising at least one
product as defined above.

Preferably, the solid electrolyte according to the invention comprises a product
of formula Li;P»,S,, as defined above, in particular having a crystal structure and a
volume V per formula unit at room temperature comprised between 407 and 412

angstrom cube, as measured by X-Ray Diffraction.

The present invention also relates to a battery, preferably a lithium battery
comprising at least the Li-P-S product obtainable by the method of the invention or a
product of formula LizP3S44 having a crystal structure and a volume V per formula
unit at room temperature comprised between 407 and 412 angstrom cube, as
measured by X-Ray Diffraction.

The battery where the product of the invention is used can be a lithium-ion or
a lithium metal battery.

The battery is composed of a positive and a negative electrode with
electroactive substances able to reversibly intercalate and de-intercalate lithium

ions.
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In the case of forming a positive elecirode, the active substance may be
selected from the group consisting of a composite metal chalcogenide represented
by a general formula of LiMY,, wherein M denoctes at least one species of transition
metals such as Co, Ni, Fe, Mn, Cr, Al and V; and Y denotes a chalcogen, such as O
or S. Among these, it is preferred {o use a lithium-based composite metal oxide
represented by a general formula of LiIMO,, wherein M is the same as above.
Preferred examples thereof may include: LiCoO,, LiNiO,, LiNi,Co,,0, (0 < x < 1),
Lix(NigsC00.15Alp.05) O3, Li(Niy;3C015MN43)O02, Li(Nip.sC02Mng 2)O2,
Li{NigsC0¢1Mny1}O. and spinel-structured LiMn.Q4 and LiMn, sNiy sO4. These active
materials may be coated with inorganic or organic coatings, such as LiNbO,.

As an alternative, still in the case of forming a positive electrode, the active
substance may comprise a lithiated or partially lithiated transition metal oxyanion-
based electrode materials of the nominal formula AB{XO.}E14, in which A is lithium,
which may be partially substituted by another alkali metal representing less that 20%
of the A metals, B is a main redox transition metal at the oxidation level of +2
chosen among Fe, Mn, Ni or mixtures thereof, which may be partially substituted by
one or more additional metal at oxidation levels between +1 and +5 and
representing less than 35% of the main +2 redox metals, including 0, XO, is any
oxyanion in which X is either P, S, V, Si, Nb, Mo or a combination thereof, E is a
fluoride, hydroxide or chloride anion, f is the molar fraction of XO, oxyanion,
generally comprised between 0.75 and 1.

The active substance for use in forming a positive electrode can also be sulfur
or Li,S.

In the case of forming a negative electrode, the active substance may
preferably comprise a carbon-based material and/or a silicon-based material and/or
lithium metal

In some embodiments, the carbon-based material may be, for example,
graphite, such as natural or artificial graphite, graphene, or carbon black.

These materials may be used alone or as a mixture of two or more thereof.

The carbon-based material is preferably graphite.

The silicon-based compound may be one or more selected from the group
consisting of silicon, silicon carbide and silicon oxide.

The lithium metal may be used as a lithium foil or as lithium powder.
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FIGURES

Figure 1: Comparison of the XRD patterns of the simulated pattern of LisP>Se
[1]. the synthesized Li,P.Ss (Example 1), and the ball-milled product of the Reaction
1 (Example 2).

Figure 2. Comparison of the Raman spectra of the synthesized Li/P:Sg
{Example 1), the ball-milled product of the Reaction 1 (Example 2), the crystalline
Li;P2S,, that is formed by annealing Example 2 (Example 3), and the crystalline
Li-P1S41 that was synthesized from the conventional reagents Li>S and P,Ss.

Fiqure 3: Comparison of the XRD patterns of the crystalline Li;P3S,, that is
synthesized via the Reaction 1 (Example 3), the crystalline Li;P:S,, that was
synthesized from the conventional reagents LizS and P.Ss, and the simulated
pattern of Li;P»S,, [11].

Figure 4: Comparison of the XRD patterns of the crystalline LizP3Sy that is
synthesized via the Reaction 1 (Example 3), and the empty Be-equipped sample holder.

Figure 5: Results of the profile fitting of Examples 4 and 3. The Bragg
positions were indicated with black vertical lines, the fits were plotted with a solid
black line, and the collected data were shown in black hollow spheres. The regions
marked with asterisk were omitted from the fit as they involve the contribution of the
sample holder as shown in Figure 4.

Figure 6: Deconvolution of the signals coming from the structural moieties
PS.¥, P;S;* and P,Se¢* in the Raman spectrum of Example 3. The relative ratios of
the peak areas are also noted on the top left of the figure.

Figure 7: Deconvolution of the signals coming from the structural moieties
PS,*, P,S;* and P,Se¢* in the Raman spectrum of Example 4. The relative ratios of
the peak areas are also noted on the top left of the figure,

Figure 8: Comparison of the ionic conductivity values versus inverse
temperature (1/T) of the ball-milled product of the Reaction 1 (Example 2), the
crystalline Li;P.S,, that is synthesized via the Reaction 1 (Example 3), the crystalline
LizP1S44 that was synthesized from the conventional reagents Li.S and P.Ss.

Figure 9: Comparison of the o X T values versus inverse temperature (1/T) of
the ball-milled product of the Reaction 1 (Example 2), the crystalline LizP3S;, that is
synthesized via the Reaction 1 (Example 3), the crystalline Li;P3Sy¢ that was
synthesized from the conventional reagents Li.S and P;Ss. The linear fits to
calculate the slope of the lines were also shown as solid black lines.
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EXAMPLES

The disclosure will now be illustrated with working examples, which is
intended to illustrate the working of disclosure and not intended to take restrictively
to imply any limitations on the scope of the present disclosure. Other examples are
also possible which are within the scope of the present disclosure.

EXAMPLE 1:

Li;S and P;S; (both produced by Sigma Aldrich) were used as starting
materials. 1.5 g of total powder at a molar ratio of 2:1 were put in a 45 mL ZrO, jar
with 12 ZrQ, balls (3 g/ball, 10 mm diameter) in an Ar filled glovebox. The jar was
sealed with scotch and parafiim to prevent air exposure, then was taken out of the
glovebox and was placed in Fritzch Planetary Micro Mill Pulverisette 7. It was ball-
milled with 510 RPM rotating speed for 38 hours while employing 15 minute breaks
in every 15 minutes of milling, in order to prevent excessive heating of the jar. The
jar was then moved to an Ar filled glovebox to recover the powder. Then, the
resulting white powder was pelletized at 530 MPa with a 6 mm diameter die. The
pellet was vacuum sealed in a carbon coated quartz tube, then the tube was heated
to 350 °C with 5 °C /min heating rate, and was kept at the same temperature for 36
hours. After the annealing step, the tube was slowly cooled down to RT, and it was
opened in an Ar filled glovebox.

EXAMPLE 2:

400 mg of Example 1, 46 mg of sulfur, and 22 mg of Li,S (produced by Sigma
Aldrich) were mixed in an Ar filled glovebox to balance the reaction below:

Reaction 1:

3Li,P,S;+ 35+ Li,S§ = 2Li, P8,

The mixture was put in a 45 mL ZrQ, jar with 8 ZrQ, balls (3 g/ball, 10 mm
diameter). The jar was sealed with scotch and parafilm to prevent air exposure, then
was taken out of the glovebox and was placed in Retsch PM200 Planetary Ball-
milling Apparatus. It was ball-milled with 510 RPM rotating speed for 76 hours while
employing 15 minute breaks in every 15 minutes of milling, in order to prevent
excessive heating of the jar. The jar was then moved to an Ar filled glovebox to
recover the powder.
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EXAMPLE 3:

Example 2 was pelletized at 530 MPa with a 6 mm diameter die. The pellet
was vacuum sealed in a carbon coated quartz tube, then the tube was annealed at
200 °C for 84 hours. After the annealing step, the tube was slowly cooled down to
RT, and it was opened in an Ar filled glovebox to recover the sample.

EXAMPLE 4 (comparative):

Li;S and P;S; (both produced by Sigma Aldrich) were used as starting
materials. 1.5 g of total powder at a molar ratio of 7:3 were put in a 45 mL ZrO, jar
with 12 ZrQ, balls (3 g/ball, 10 mm diameter) in an Ar filled glovebox. The jar was
sealed with scotch and parafiim to prevent air exposure, then was taken out of the
glovebox and was placed in Fritzch Planetary Micro Mill Pulverisette 7. It was ball-
milled with 510 RPM rotating speed for 76 hours while employing 15 minute breaks
in every 5 minutes of milling, in order to prevent excessive heating of the jar. The jar
was then moved in an Ar filled glovebox to collect the powder. The resulting white
powder was pelletized at 530 MPa with a 10 mm diameter die. The pellet vacuum
sealed in a carbon coated quartz tube, then the tube was annealed at 200 °C for
168 hours. After the annealing step, the tube was slowly cooled down to RT, and it
was opened in an Ar filled glovebox.

CHARACTERIZATION TOOLS:

X-ray diffraction of the samples were collected using a Bruker D8
diffractometer with Cu Ka radiation at RT. The samples were sealed in a Be-
equipped sample holder in an Ar filled glovebox prior to the experiment. The
diffractions were collected in 20 range of 10° to 100° in 13 hours. The lattice
parameters were determined by fitting the diffraction profiles using Full-Prof Suite.
Profile fitting procedures of Example 3 and Example 4 were limited in a shorter 20
range (10° to 28°) to increase the accuracy of the fit because the high number of
Bragg positions in P-1 space group at higher angles could mislead the fitting
process. The small peaks which are afttributed to the Be-equipped sample holder
(see Figure 4) were removed before the fitting process to increase the precision of
the fitting.

The Raman specira were collected using a Raman DXR Microscope (Thermo
Fischer Scientific) with excitation laser beam wavelength of 532 nm and a low laser
power of 0.1 mW to prevent excessive heating of the sample. The fitting processes

were performed using Omnic Software of Thermo Fischer Scientific.
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Before the impedance spectroscopy measurements, powder samples were
cold-pressed in an Ar filled glovebox. Example 2 and Example 3 were pressed with
a 6 mm diameter die with 530 MPa pressure, while Example 4 was pressed with a
10 mm diameter die with 530 MPa pressure. The pellets were then sandwiched
between pre-dried carbon paper electrodes, and then loaded into air-tight sample
holders. The AC impedance spectra were collected by using Biologic MTZ-35
frequency response analyser. During the measurements, the AC potential for
excitation was set at 50 mV for all the samples. The frequency range of the
measurement of Example 2 was 0.05 Hz to 30 MHz, whereas a range of 1 Hz to 30
MHz was applied in the measurements of Example 3 and Example 4. The spectrum
of each sample was recorded at stabilized temperature values varying
between -30 °C and 50 °C in steps of 10 °C. The ionic conductivity values were
obtained by fitting the data into equivalent circuit models using ZView software. The
slopes of the oT versus 1/T plots were used to determine aclivation energy values.

EXPERIMENTAL RESULTS
Reaction 1:

3Li P,S¢ + 35 + Li,S = 2Li P38y,

The Bragg peaks observed in the XRD pattern of Example 1 show correlation
to the simulated peak positions of crystalline LisP>Ss [1], as shown in Figure 1. In the
Raman spectrum of Example 1 in Figure 3, the only peak centered at 383 cm™ is
due to the vibration of P-S bond in P,Ss* anion [2,3]. Hence, the sample was
considered phase pure and was used as a precursor in the Reaction 1.

The Reaction 1 was performed via mechanochemical synthesis route, and the
reaction product was named as Example 2. As shown in Figure 1, the product was
X-ray amorphous, which indicated that the reagents were successfully amorphized.
It is known in the literature that when Li,S (<75 at%) and P.S;s are used as reagents
for the mechanochemical synthesis of Li — P — S compounds, the reaction leads to
the formation of X-ray amorphous products, similar to the case of Example 2 [4-10].
Until today, a Li — P — S compound (i.e. Li;P;S44) has never been synthesized using
a different Li = P — S compound (i.e. LisP.Sg) as precursor [6-10].

After the mechanochemical reaction, the vibrations of P-S bonds in P.S;* and
PS> moieties appear in the Raman spectrum of Example 2, see Figure 2. It is
inferred from the drastic decrease in the intensity of the signal of P.Se* unit that
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some of the phosphorus ions in the P.Sg* moieties were oxidized from +4 to +5
during the mechanochemical reaction. It is known that P,S;* unit can be reacted to
form P,Sg* unit by reducing the phosphorus at 280 - 300 °C [5,7). It was shown for
the first time with the Reaction 1 that the process could be reversed by a
mechanochemical reaction.

The XRD pattern of Example 3 showed correlation to the simulated pattern of
crystalline Li;P3S;; [11], as evidenced by XRD in Figure 3. Additional peaks with
small intensity were also observed at 17.3°, 24.5° and 25.5°, which originate from
the Be-equipped sample holder, with which the pattern of the powder was collected.
The comparison of the pattern of Example 3 and the Be-equipped sample holder is
presented in Figure 4. The XRD pattern of Example 4, which was synthesized using
Li-S and P>Ss as precursors was also shown in Figure 3 for comparison. Several
differences between Examples 3 and 4 were noted. Sharper peaks were present in
the pattemm of Example 3, which indicates higher crystallinity compared to Example
4. The lattice parameters of Examples 3 and 4 were obtained by profile fitting. The
resulting fit and the Bragg positions were shown in Figure 5. In the figure, the hollow
circles indicate the collected data, and the black line indicates the resulting profile fit.
Significant differences were observed in the profile parameters of Examples 3 and 4,
and the reference from the literature [11], see Table 1. The unit cell of Example 3
has a drastically shorter lattice parameter a, and larger alpha and gamma angles
compared to Example 4 and the material reported in the literature. Beta angle of
Example 3 was observed to be larger than the literature example, but it was
comparatively smaller than the one of Example 4. These results proved that the
crystalline Li;P;S;; obtained by the Reaction 1 was structurally different than the
materials synthesized by starting from the conventional reagents Li.S and P,S:s.

Table 1: Lattice parameters, in triclinic P-1 description, for Examples 3 and 4

versus lattice parameters reported in the literature [11]

a(A) | b(A) | c(A) | alpha (°) | beta (°) | gamma (°) | V (A®)
Example 3 12.40 | 6.04 | 12.52 103.30 113.25 75.07 823
Example 4 12.46 | 6.05 12.53 103.14 113.33 74.70 828
Reference [11] 12.50 6.03 12.53 102.85 113.20 74.47 829

30
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The Raman spectra of Examples 3 and 4 show the presence of bond
vibrations of PS,*, P.S;* and P,Ss* moieties at 421 cm™, 404 cm™ and 383 cm™,

respectively, see Figure 2. These results show correlation to the results published in
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the literature [7,8,10,12-15). In order to make a semi-quantitative comparison of the
quantities of the meieties in Examples 3 and 4, the spectra were fitted into three
peaks centered at the reported positions of structural moieties [5]. The relative ratios
of the peak areas were also compared. As shown in Figures 6 and 7, Examples 3
and 4 manifested drastic differences in their local structures.

Relative ratio of PS>/ P,S;* in Example 3 was calculated to be 0.28, whereas
the ratio in Example 4 deviated significantly and was noted down as 0.55. It was
also observed that the relative intensity of peak of P>,Ss* units was 2.63% lower in
the case of Example 3. These results clearly indicated that the material which was
synthesized from the reagents Li;S and P;Ss possessed different structural
properties than the material synthesized from a different Li — P — S compound as in
the case of the Reaction 1.

The ionic conductivities of Examples 2, 2 and 4 were shown as a function of
temperature (-30 °C to 20 °C) in Figure 8. The activation energies were calculated
from the oT vs 1/T plots using Equation 1, and the linear fits of the data to calculate

the slope were also shown in Figure 9:

Equation 1:

Ea
o+xT =o0y+e kT

Example 2 demonstrated 5 x 10”° Scm™ conductivity at 20 °C with an activation
energy of 0.40 eV. After the crystallization of Li;P35,, via subsequent annealing of
Example 2, Example 3 showed a significant increase in the conductivity by 6 x 10™*
S.cm™ at 20 °C. The activation energy for the conduction was also decreased to
0.37 eV, which is smaller than that of Example 4 (0.38 eV), which was synthesized
from the precursors Li,S and P.Ss. Example 4 possessed a slightly higher ionic
conductivity of 9 x 10* Scm™ at 20 °C. These results also show correlation to the
values reported in the literature [6, 14—18].

The results obtained from different characterization tools indicate that
crystalline Li;PsS4; can be synthesized by using an alternative synthesis route as
described in the Reaction 1.

The resulting product (Example 3) according to the invention showed
significant difference in terms of lattice parameters compared to the values reported
in the literature, and the ones of the crystalline Li;P:S44 that was synthesized by

using Li>S and P,S;s as reagents (Example 4 - comparative). Additionally, the relative
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ratios of the structural moieties in Examples 3 and 4 were calculated to be
drastically different. It was also shown by the impedance spectra that the ionic
conductivities of both examples and the materials reported in the literature are quite
similar. It was also noted that a successful reaction from one member of the Li,S —
5 P.Ss binary system to the other member has been reported for the first time in the
literature. This discovery paves the way to finding other alternative reaction

pathways between different members of the binary system.

CA 03147348 2022-2-8
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CLAIMS

1. A method of preparing a Li-P-S product, the method comprising at least
the following steps:

{a) mixing at least Li,P.S;, Li»S and sulfur to obtain a first mixture;

{b) heating the first mixture in an inert atmosphere, under vacuum or under

H:S flow, for a period of time and at a temperature sufficient to produce the Li-

P-S product; and

{c) cooling and optionally powdering the Li-P-S product.

2. The method according to claim 1, wherein the Li-P-S product is chosen
in the group consisting of. Li;P1S,4, LisPS,4, LizPSe, and/or LiggPaSy2.

3. The method according to claim 1 or 2, wherein the temperature in step
(b) is comprised from 150°C to 600°C, preferably from 180°C to 220°C.

4, The method according to anyone of claims 1 to 3, wherein the heating in
step (b} is made over a period of time comprised from 1 hour to 200 hours.

5. The method according to anyone of claims 1 to 4, wherein Li,P.S; is
obtained from the reaction between Li,S and P.Ss.

6. The Li-P-S product obtainable by the method of any one of claims 1 to 5.

7. A product of formula LizP3S1 having a crystal structure and a volume V
per formula unit at room temperature, using the cell parameters acquired at
standard atmosphere, comprised between 407 and 412 angstrom cube, as
measured by X-Ray Diffraction, using a Bruker D8 diffractometer with Cu Ka
radiation.

8. The use of the product of claim 6 or 7, alone or in combination with any
crystalline or amorphous conductive Li-material, as solid electrolyte.

9. A solid electrolyte comprising at least one product of claim & or 7.
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10. A battery comprising at least one product of claim 6 or 7.

CA 03147348 2022-2-8
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