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(57) Abstract: The present invention relates
to a liquid composition comprising a) at
least one cationic polythiophene; b) at least
one polymeric counterion; ¢) sulfur; d) at
least one solvent having a boiling point of
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80°C or more; e) at least one conductivity
improving agent; wherein the liquid com-
position comprises less than 10wt.-% of
components having a boiling point of less
than 80°C, based on the total weight of the
liquid composition, and wherein the boiling
point in each case is determined at a pres-
sure of 1013mbar. The present invention
also relates to a powdered composition com-
prising components a), b) and ¢), wherein
the cationic polythiophene and the at least
one polymeric counterion are present in the
form of a cationic polythiophene : polymeric
counterion-complex, to a process for prepar-
ing a liquid or powdered composition, a li-
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quid or powdered composition obtainable
by this process, to a lithium sultur electro-
chemical cell and to the use of the liquid or
the powdered composition.
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Use of PEDOT/PSS 1n a cathode of a lithium-sulfur electrochemical cell

The present invention relates to a liquid composition, to a powdered composition, to a process
of preparing a liquid or powdered composition, to a liquid or powdered composition obtainable
by this process, to a lithium sulfur electrochemical cell and to the use of a liquid or powdered

composition.

Chargeable/dischargeable secondary batteries are widely used as large-capacity power storing
batteries used in an electric vehicle, a power saving system, or a small-sized high-performance
energy source for a portable electronic device, such as a mobile phone, a camcorder, or a

laptop computer.

Lithium ion batteries as secondary batteries have relatively high energy density and relatively
large capacity per unit area compared to nickel-manganese batteries and nickel-cadmium
batteries. Due to their low self-discharge rate, long life span and lack of memory effect,
lithium batteries are preferable and are convenient to use. However, lithium ion batteries have
several problems when used as batteries for next generation electric vehicles. In particular,

they lack stability due to low energy density and low output characteristics.

In order to address these problems of lithium ion batteries, studies have been made towards the
development of lithium-sulfur secondary batteries or lithium-air secondary batteries that may
realize high output and high energy density. Lithium-sulfur secondary batteries use sulfur as a
cathode active material, use lithium or lithium-containing alloys as an anode, and are high-
capacity batteries having a theoretical capacity of 1675 mAh/g with a potential of about 2.1 V.
Since these lithium-sulfur secondary batteries have much higher theoretical capacities and
energy densities than existing lithium ion batteries, they are suitable for use as batteries for
electric vehicles that require high output and high energy density. Moreover, sulfur which is
used as the cathode active material in lithium-sulfur secondary batteries exists in the earth and,

thus, is inexpensive and has good price stability.
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However, sulfur has electric non-conductor characteristics. As such, sulfur must be in contact
with a material having high electrical conductivity, such as carbon, to be used as an active
material of a secondary battery electrode. According to the related art, lithium-sulfur
secondary batteries have been made in which sulfur and Ketjenblack™ (manufactured by the
Ketjen Black International Company), Super C* (manufactured by the Timcal Graphite &
Carbon Inc.), Super P® (manufactured by the Timcal Graphite & Carbon Inc.), a carbon
material, such as vapor grown carbon fiber (VGCF) or carbon nanotubes (CNTs), or a binder,
such as polyvinylidene fluoride (PVdF) or poly(vinylidene fluoride-co-hexafluoropropylene)
(PVdF-co-HEP), are put in a mechanical milling device, such as a ball mill, are mixed in a dry

or wet manner to produce a slurry which is used for an electrode.

Recently it has been shown that conductive polymers can be used to enhance the cycle life and
rate capability of lithium sulfur batteries. In these cases the conductive polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) has been used to coat carbon/sulfur particles. The
polymerization was performed in the presence of sulfur generating coated sulfur particles
(Chen et al., Scientific Reports 2013, 3, 1910). The disadvantage of this approach, however,
has to be seen in the fact that the polymerization of PEDOT requires several steps since the

oxidizing agent needs to be washed out and the sulfur particles need to be purified.

PEDOT can also be prepared in the presence of polymeric sulfonic acids such as polystyrene
sulfonic acid. The resulting complex (PEDOT : PSS) can be dispersed in solvents and allows
the facile coating. Yang et al. have shown that PEDOT : PSS can be used to coat sulfur
impregnated mesoporous carbon materials with ordered crystalline structure (cmk-3)
(ACS Nano 2011, 5, 9187). However, the preparation of these structures also requires a
number of process steps. Sun et al. (J. of Materials Chemistry A, 2014, 18345-18352) have
prepared a PEDOT : PSS dispersion with activated graphene. However, PEDOT was not
prepared in the absence of oxygen which leads to low conductivity. Furthermore, both Yang et
al. and Sun et al. have used ethanol as dispersing agent. However ethanol is unsuitable for

industrial applications due to its low flash point (12°C).

The present invention is generally based on the object of overcoming at least one of the

problems encountered in the state of the art in relation to lithium-sulfur secondary batteries.
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More specifically the present invention is further based on the object of providing
compositions that can be used for the formation of a cathode material in a lithium-sulfur
secondary batteries, wherein the composition can be easily prepared with a minimum amount

of process steps.

Furthermore, the composition should also be characterized in that it displays a high sulfur

loading and in that it can be prepared without using solvents having a low flash point.

Furthermore, the composition should allow the formation of a cathode in a lithium-sulfur
secondary battery without the necessity of adding high amounts of binders and/or carbon-

based materials.

A contribution to achieving at least one of the above described objects is made by the subject
matter of the category forming claims of the present invention. A further contribution is made
by the subject matter of the dependent claims which represent specific embodiments of the

invention.

Embodiments

1] A liquid composition comprising

a)  at least one cationic polythiophene;

b)  at least one polymeric counterion;

c) sulfur;

d) at least one solvent having a boiling point of 80°C or more, preferably 85°C or
more but not more than 100°C and more preferably 90°C or more but not more
than 100°C;

¢) at least one conductivity improving agent;

wherein the liquid composition comprises less than 10 wt.-%, preferably less than

5 wt.-% and more preferably less than 1 wt.-% of components having a boiling point

of less than 80°C, in each case based on the total weight of the liquid composition,

and wherein the boiling point in each case is determined at a pressure of 1013 mbar.
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The liquid composition according to embodiment |1|, wherein the composition
comprises the least one conductivity improving agent ¢) in an amount of at least 0.1
wt.-%, preferably at least 0.5 wt.-% and more preferably at least 1 wt.-%, in each case

based on the total amount of the liquid composition.

The liquid composition according to embodiments |1| or |2|, wherein the liquid
composition comprises the at least one solvent d) in an amount of at least 10 wt.%,
preferably at least 20 wt.-% and more preferably at least 30 wt.-%, in each case based

on the total weight of the liquid composition.

The liquid composition according to embodiment |3|, wherein the weight ratio of the
at least one solvent d) to the least one conductivity improving agent ¢) is in the range
from 1:10 to 1000 : 1, preferably in the range from 1:1 to 150:1 and most
preferably in the range from 5 : 1 to 100 : 1.

The liquid composition according to any of the preceding embodiments, wherein

solvent d) is water.

The liquid composition according to any of the preceding embodiments, wherein the
conductivity improving agent ¢) is liquid at 20°C and 1013 mbar and has a boiling
point of more than 100°C, preferably more than 125°C and more preferably more than

150°C.

The liquid composition according to any of embodiments |1| to |5|, wherein the

conductivity improving agent ¢) is solid at 20°C and 1013 mbar.

The liquid composition according to any of the preceding embodiments, wherein the
conductivity improving agent ¢) is selected from the group consisting of ethylene
glycol, propylene glycol, butylene glycol, hexylene glycol, diethylene glycol,
dipropylene glycol, triethylene glycol, tripropylene glycol, tetracthylene glycol,
tetrapropylene glycol, propylene glycol methyl ether, dipropylene glycol methyl ether,
tripropylene glycol methyl ether, propylene glycol propyl ether, dipropylene glycol
propyl ether, tripropylene glycol propyl ether, propylene glycol butyl ether,

4
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dipropylene glycol butyl ether, tripropylene glycol butyl ether, propylene glycol
phenyl ether, dipropylene glycol dimethyl ether, diethylene glycol ethyl ether,
diethylene glycol methyl ether, dicthylene glycol butyl ether, diethylene glycol hexyl
ether, ethylene glycol propyl ether, ethylene glycol butyl ether, ethylene glycol hexyl
ether, tricthylene glycol methyl ether, tricthylene glycol ethyl ether, tricthylene glycol
butyl ether, ethylene glycol phenyl ether, ethylene glycol ethyl ether, tetrahydrofuran,
butyrolactone, valerolactone, N-methyl caprolactam, N,N-dimethyl acetamide, N-
methyl acetamide, N,N-dimethyl formamide (DMF), N-methyl formamide, N-methyl
formanilide, N-methyl pyrrolidone (NMP), N-octyl pyrrolidone, pyrrolidone,
sulpholane (tetramethylene sulphone), dimethyl sulphoxide (DMSO), glycerol,
diglycerol, triglycerol or tetraglycerol, sucrose, glucose, fructose, lactose, sorbitol,

mannitol, 2-furancarboxylic acid, 3-furancarboxylic acid and mixtures thereof.

The liquid composition according to any of the preceding embodiments, wherein

sulfur ¢) is elemental sulfur.

The liquid composition according to any of the preceding embodiments, wherein the
liquid composition comprises less than 5 wt.-%, preferably less than 2.5 wt.-% and
more preferably less than 1 wt.-%, in each case based on the total weight of the liquid
composition, of a particulate material based on elemental carbon, in particular less
than 5 wt.-%, preferably less than 2.5 wt.-% and more preferably less than 1 wt.-%, in
cach based on the total weight of the liquid composition, of a particulate material
based on elemental carbon on the surface of which sulfur is adsorbed, such as

activated graphene sheets or carbon nanotubes.

The liquid composition according to any of the preceding embodiments, wherein the
amount of sulfur is at least 5 wt.-%, preferably at least 10 wt.-% and more preferably

at least 25 wt.-%, in each case based on the total weight of the liquid composition.

The liquid composition according to any of embodiments |1| to |9|, wherein the liquid
composition further comprises

f)  elemental carbon.
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The liquid composition according to any of the preceding embodiments, wherein at
least 0.1 wt.-%, preferably at least 10 wt.-% and more preferably at least 25 wt.-% of

the total amount of component c) is undissolved in solvent d).

The liquid composition according to any of the preceding embodiments, wherein the
pH value of the liquid composition is in the range of from 1 to 8, preferably in the

range from 1 to 7.5 and more preferably in the range from 1.5 to 7.

The liquid composition according to any of the preceding embodiments, wherein the

pH value of the liquid composition is in the range of from 6 to 8.

The liquid composition according to any of the preceding embodiments, wherein the
cationic polythiophene a) and the polymeric counterion b) are present in the form of a

cationic polythiophene : polymeric counterion-complex.

The liquid composition according to any of the preceding embodiments, wherein the

cationic polythiophene a) is poly(3,4-cthylenedioxythiophene).

The liquid composition according to any of the preceding embodiments, wherein the

polymeric counterion is an anion of polystyrene sulfonic acid.

The liquid composition according to any of the preceding embodiments, wherein the
cationic polythiophene is obtainable by polymerization in the presence of the

polymeric counterion b) and in the absence of oxygen.

The liquid composition according to any of the preceding embodiments, wherein the
total amount of cationic polythiophene a) and polymeric counterion b), preferably the
total amount of PEDOT : PSS, in the liquid composition is preferably in the range
from 0.01 to 30 wt.-%, preferably in the range from 0.1 to 20 wt.-% and even more
preferred in the range from 0.5 to 10 wt.-%, in each case based on the total weight of

the liquid composition.
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The liquid composition according to any of the preceding embodiments, wherein the
liquid composition comprises less than 10 wt.-%, preferably less than 5 wt.-% and
more preferably less than 1 wt.-%, in each case based on the total amount of the

composition, of components having a flash point of less than 25°C.

The liquid composition according to any of the preceding embodiments, wherein the

liquid composition is free of methanol or ethanol.

The liquid composition according to any of the preceding embodiments, wherein the
liquid composition further comprises:

g)  anon-conductive polymer.

The liquid composition according to embodiment |23|, wherein the non-conductive
polymer g) is selected from the group consisting of polyesters, polyacrylate,
polymethacrylates, polyurethanes, polyamides, polyimides, polyethers, vinyl
polymers, polysaccharide, polyethylene oxide, gelatin, carboxymethyl cellulose,
styrene-butadiene-rubber, poly(acrylamide-co-diallyl-methylammonium chloride),
carbonyl-beta-cyclodextrine, polyvinyl alcohol, polyvinyl pyrrolidone, polyvinylidene
fluoride, poly(tetrafluorocthylene), derivatives thereof, copolymers thercof, and a

mixture of two or more thereof.

A powdered composition comprising

a)  at least one cationic polythiophene;

b)  at least one polymeric counterion;

c) sulfur;

wherein the cationic polythiophene and the at least one polymeric counterion are

present in the form of a cationic polythiophene : polymeric counterion-complex.

The powdered composition according to embodiment [25|, wherein the powdered
composition comprises less than 5 wt.-%, preferably less than 1 wt.-% and more
preferably less than 0.1 wt.-%, in each case based on the total weight of the powdered

composition, of a binder.
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The powdered composition according to any of embodiments |25| or |26|, wherein

sulfur ¢) is elemental sulfur.

The powdered composition according to any of embodiments |25| to |27|, wherein the
amount of sulfur ¢) in the powdered composition is more than 50 wt.-%, preferably
more than 60 wt.-%, more preferably more than 70 wt.-% and more preferably more

than 80 wt.-%,, in each case based on the total weight of the composition.

The powdered composition according to any of embodiments |25| to |28|, wherein the
powdered composition comprises less than 30 wt.-%, preferably less than 20 wt.-%
and more preferably less than 10 wt.-%, in each case based on the total weight of the
powdered composition, of a particulate material based on elemental carbon, in
particular less than 30 wt.-%, preferably less than 20 wt.-% and more preferably less
than 10 wt.-%, in each based on the total weight of the powdered composition, of a
particulate material based on elemental carbon on the surface of which sulfur is

adsorbed, such as activated graphene sheets or carbon nanotubes.

The powdered composition according to any of embodiments |25| to |29, wherein the
powdered composition further comprises

f)  elemental carbon.

The powdered composition according to any of embodiments |25| to |30|, wherein the

cationic polythiophene a) is poly(3,4-cthylenedioxythiophene).

The powdered composition according to any of embodiments |25| to |31], wherein the

polymeric counterion is an anion of polystyrene sulfonic acid.

The powdered composition according to any of embodiments |25| to |32|, wherein the
total amount of cationic polythiophene a) and polymeric counterion b), preferably the
total amount of PEDOT : PSS, in the powdered composition according to the present
invention is preferably in the range from 0.05 to 30 wt.-%, preferably in the range
from 0.5 to 20 wt.-% and even more preferred in the range from 1 to 10 wt.-%, in

cach case based on the total weight of the powdered composition.

8
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The powdered composition according to any of embodiments |25| to |33|, wherein the
mass ratio of sulfur to the at least one cationic polythiophene is greater than 8 : 1,

preferably greater than 15 : 1 and more preferably greater than 20 : 1.

The powdered composition according to any of embodiments |25| to |34|, wherein the
powdered composition further comprises:

g)  anon-conductive polymer.

The powdered composition according to embodiment |35|, wherein the non-
conductive polymer g) is selected from the group consisting of polyesters,
polyacrylate, polymethacrylates, polyurethanes, polyamides, polyimides, polyethers,
vinyl polymers, polysaccharide, polyethylene oxide, gelatin, carboxymethyl cellulose,
styrene-butadiene-rubber, poly(acrylamide-co-diallylmethylammonium  chloride),
carbonyl-beta-cyclodextrine, polyvinyl alcohol, polyvinyl pyrrolidone, polyvinylidene
fluoride, poly(tetrafluorocthylene), derivatives thercof, copolymers thercof, and a

mixture of two or more thereof.

A process for preparing a composition comprising the steps:

1)  providing a liquid pre-composition comprising at least one cationic
polythiophene a), at least one polymeric counterion b) and at least one solvent
d) having a boiling point of 80°C or more, preferably 85°C or more but not
more than 100°C and more preferably 90°C or more but not more than 100°C,
wherein the at least one cationic polythiophene a) and the at least one polymeric
counterion b) are present in the form of a cationic polythiophene : polymeric
counterion-complex;

i)  mixing the liquid pre-composition obtained in process step 1) with sulfur c);

ii1) mixing the liquid pre-composition obtained in process step 1) or the composition
obtained in process step ii) with at least one conductivity improving agent ¢);

wherein the boiling point in each case is determined at a pressure of 1013 mbar and

wherein the composition obtained by the process comprises less than 10 wt.-%,

preferably less than 5 wt.-% and more preferably less than 1 wt.-% of components
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having a boiling point of less than 80°C, in each case based on the total weight of the

composition.

The process according to embodiment 37|, wherein sulfur ¢) is added in the form of

elemental sulfur.

The process according to embodiment |37| or |38, wherein the cationic polythiophene

a) 1s poly(3,4-cthylenedioxythiophene).

The process according to any of embodiments |37| to |39|, wherein the polymeric

counterion is an anion of polystyrene sulfonic acid.

The process according to any of embodiments |37| to |40|, wherein during or after

process step i1) the mixture is subjected to shearing.

The process according to any of embodiments |37] to |41|, wherein at least 0.1 wt.-%,
preferably at least 10 wt.-% and more preferably at least 25 wt.-% of the total amount

of component ¢) remain unsolved in solvent d).

The process according to any of embodiments |37| to |42|, wherein the process is
carried out in the presence of less than 10 wt.-%, preferably less than 5 wt.-% and
more preferably less than 1 wt.-%, in each case based on the total weight of the liquid

composition, of components with a flash point of less that 25°C.

The process according to any of embodiments |37| to 43|, wherein the process further
comprises the step:

iv)  adjusting the pH of the liquid composition before, during or after step ii).

The process according to any of embodiments |37| to |441|, wherein the process
further comprises the step:
v)  removing at least part of solvent d) from the composition that is obtained by the

process to obtain a powdered composition.

10
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A liquid composition obtainable by the process according to any of embodiments |37|

to [44|.

A powdered composition, obtainable by the process according to embodiment [45|.

A lithium-sulfur electrochemical cell comprising a first electrode that has been
produced by superimposing a substrate with the liquid composition according to one
of embodiments |1| to |24| or |[46] and by subsequently removing at least a part of
solvent d1), thereby obtaining a substrate that is superimposed with an electrically

conductive layer.

The lithium-sulfur electrochemical cell according to embodiment |48|, wherein the
cell further comprises a second electrode based on at least one lithium-containing

compound.

The lithium-sulfur electrochemical cell according to embodiment 49|, wherein the
lithium-containing compound is selected from the group consisting of lithium metal

(Li or Li’ anode), lithiated silicon, lithiated tin or another lithium-containing material.

The lithtum-sulfur electrochemical cell according to any of embodiments 48| to 50|

further comprising a separator separating the first and the second electrode.

The lithium-sulfur electrochemical cell according to embodiment |51|, wherein the

separator is a porous membrane.

The lithtum-sulfur electrochemical cell according to any of embodiments 48| to 52|

further comprising an electrolyte.
The lithium-sulfur electrochemical cell according to embodiment |53|, wherein the

electrolyte is selected from the group consisting of liquid electrolytes and electrolytes

based on polymers in the form of solid to gelatinous films or a combination thereof.

11
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155] The lithium-sulfur electrochemical cell according to embodiment |53| or |54/, wherein
the electrolyte is a liquid electrolyte comprising a lithium salt being dissolved in an

aprotic solvent.

156] The lithium-sulfur electrochemical cell according to embodiment |55|, wherein the
lithium salt is selected from the group consisting of LiPFs, LiClOy, lithium

bis(oxalato)borate (LiBOB) or a mixture of at least two thereof.

157 The lithium-sulfur electrochemical cell according to embodiment |55| or |56/, wherein
the aprotic solvent is selected from the group consisting of ethylene carbonate,
propylene carbonate, dimethyl carbonate, diethyl carbonate, 1,2-dimethoxyethane,
sulfolan, toluene, dimethyl ether, diethyl ether, diglyme, tetraglyme or a mixture of at

least two thereof.

|58] The use of the liquid composition according to one of embodiments |1| to 24| or |46|
or of the powdered composition according to one of embodiments |25 to |36| or |47|
for the production of an electrode in a lithium-sulfur electrochemical cell, in particular
of a lithium-sulfur electrochemical cell as defined in embodiments |48 to |57].

The present invention relates to a liquid composition comprising

a)  at least one cationic polythiophene;

b)  at least one polymeric counterion;

c) sulfur;

d)  at least one solvent having a boiling point of 80°C or more, preferably 85°C or more but

not more than 100°C and more preferably 90°C or more but not more than 100°C;

¢) at least one conductivity improving agent;

12
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wherein the liquid composition comprises less than 10 wt.-%, preferably less than 5 wt.-% and
more preferably less than 1 wt.-% of components having a boiling point of less than 80°C, in
cach case based on the total weight of the liquid composition, and wherein the boiling point in
cach case is determined at a pressure of 1013 mbar. In this context it may be particularly
advantageous that the liquid composition according to the present invention is completely free

of components having a boiling point of less than 80°C, such as ethanol or methanol.

Surprisingly it has been discovered that a simple blend of a liquid composition comprising at
least one solvent a having a boiling point of 80°C or more and cationic polythiophene
complexed with a polymeric counterion, such as an anion of polystyrene sulfonic acid, with
sulfur and a conductivity improving agent, in particular a conductivity improving agent that is
a high boiling solvent, allows the facile deposition of sulfur films with high sulfur loadings and
good conductivity that can be used as cathode in lithium-sulfur batteries. The advantage of this
approach can be seen in the fact that such a composition in the form of a slurry can easily be
prepared by mixing, for example, a PEDOT : PSS-dispersion with sulfur and a conductivity
improving agent,, followed by a milling step. There is no need to add binders, components
having a boiling point of less than 80°C or carbon based materials. Due to the fact the
polymeric material in this composition is not only conductive, but has also film-forming

properties, high loadings with sulfur are possible.

The liquid composition according to the present invention can be present in the form of a
solution, a dispersion or an emulsion. However, according to a particularly preferred
embodiment of the liquid composition according to the present invention the liquid
composition is present in the form of a mixture of a pulverized solid and a liquid, often also
referred to as a “slurry”. In this context it is particularly advantageous that in the liquid
composition according to the present invention at least 0.1 wt.-%, preferably at least 10 wt.-%
and more preferably at least 25 wt.-% of the total amount of component ¢) is undissolved in

solvent d) (or in the mixture of solvents d) in the case of two or more of these solvents)

As component a) the liquid composition comprises a cationic polythiophene. Preferred
polythiophenes are those having repeating units of the general formula (I) or (II) or a
combination of units of the general formulas (I) and (II), preferably a polythiophene with

repeating units of the general formula (II):

13
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wherein

A represents an optionally substituted C;-Cs-alkylene radical,

R represents a linear or branched, optionally substituted C;-Cs-aliphatic or heteroaliphatic
radical, an optionally substituted Cs-Cj;-cycloaliphatic or cycloheteroaliphatic alkyl
radical, an optionally substituted Cs-Cis-aryl or heteroaryl radical, an optionally

substituted Cs-Cjs-aralkyl or heteroaralkyl radical, an optionally substituted C;-Cs-

PCT/EP2016/055509

hydroxyaliphatic or hydroxyheteroalphatic radical or a hydroxyl radical,

X represents an integer from 0 to 8 and

in the case where several radicals R are bonded to A, these can be identical or different.

The general formulae (I) and (II) are to be understood as meaning that x substituents R can be

bonded to the alkylene radical A.

Polythiophenes having recurring units of the general formula (IV) wherein A represents an

optionally substituted C,-Cs-alkylene radical and x represents 0 or 1 are particularly preferred.

In the context of the invention, the prefix “poly” is to be understood as meaning that the
polythiophene comprises more than one identical or different recurring unit of the general
formulae (I) and (II). In addition to the recurring units of the general formulae (I) and/or (II),

the polythiophenes can optionally also comprise other recurring units, but it is preferable for at
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least 50 %, particularly preferably at least 75 % and most preferably at least 95 % of all the
recurring units of the polythiophene to have the general formula (I) and/or (II), preferably the
general formula (II). The percentage figures stated above are intended here to express the
numerical content of the units of the structural formula (I) and (II) in the total number of
monomer units in the conductive polymer. The cationic polythiophenes comprise a total of n
recurring units of the general formula (I) and/or (II), preferably of the general formula (II),
wherein n is an integer from 2 to 2,000, preferably 2 to 100. The recurring units of the general
formula (I) and/or (II), preferably of the general formula (II), can in each case be identical or
different within a cationic polythiophene. Cationic polythiophenes having in each case

identical recurring units of the general formula (IT) are preferred.

Preferably at least 50 %, particularly preferably at least 75 %, still more preferably at least
95 % and most preferably 100 % of all the recurring units of the cationic polythiophene are
3,4-cthylenedioxythiophene units.

According to a particularly preferred embodiment of the liquid composition according to the
present invention the at least one cationic polythiophene a) therefore is poly(3,4-

ethylenedioxy-thiophene) (PEDOT).

The polythiophenes preferably in each case carry H on the end groups.

In the context of the invention, C;-Cs-alkylene radicals A are preferably methylene, ethylene,
n-propylene, n-butylene or n-pentylene. C;-C;s-Alkyl radicals R preferably represent linear or
branched C,-Cis-alkyl radicals, such as methyl, ethyl, n- or iso-propyl, n-, iso-, sec- or tert-
butyl, n-pentyl, 1-methylbutyl, 2-methylbutyl, 3-methylbutyl, 1-ethylpropyl, 1,1-
dimethylpropyl, 1,2-dimethylpropyl, 2,2-dimethylpropyl, n-hexyl, n-heptyl, n-octyl, 2-
ethylhexyl, n-nonyl, n-decyl, n-undecyl, n-dodecyl, n-tridecyl, n-tetradecyl, n-hexadecyl or n-
octadecyl, Cs-Cj,-cycloalkyl radicals R represent, for example, cyclopentyl, cyclohexyl,
cycloheptyl, cyclooctyl, cyclononyl or cyclodecyl, Cs-Ci4-aryl radicals R represent, for
example, phenyl or naphthyl, and Cs-C,s-aralkyl radicals R represent, for example, benzyl, o-,
m-, p-Tolyl, 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5-xylyl or mesityl. The preceding list serves to

illustrate the invention by way of example and is not to be considered conclusive.
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In the context of the invention, numerous organic groups are possible as optionally further
substituents of the radicals A and/or of the radicals R of formulas (III) or (IV), for example
alkyl, cycloalkyl, aryl, aralkyl, alkoxy, halogen, ether, thioether, disulphide, sulphoxide,
sulphone, sulphonate, amino, aldehyde, keto, carboxylic acid ester, carboxylic acid, carbonate,

carboxylate, cyano, alkylsilane and alkoxysilane groups and carboxamide groups.

The polythiophenes a) are cationic, ‘“cationic” relating only to the charges on the
polythiophene main chain. The positive charges are not shown in the formulae, since their
precise number and position cannot be determined absolutely. However, the number of
positive charges is at least 1 and at most n, where n is the total number of all recurring units

(identical or different) within the polythiophene.

As component b) the liquid composition comprises at least one polymeric counter-ion to
compensate the positive charge of the polythiophene a). Polymeric counterions b) can be, for
example, anions of polymeric carboxylic acids, such as polyacrylic acids, polymethacrylic acid
or polymaleic acids, or of polymeric sulphonic acids, such as polystyrenesulphonic acids and
polyvinylsulphonic acids. These polycarboxylic and -sulphonic acids can also be copolymers
of vinylcarboxylic and vinylsulphonic acids with other polymerizable monomers, such as
acrylic acid esters and styrene. Particularly preferably, the solid electrolyte comprises an anion
of a polymeric carboxylic or sulphonic acid for compensation of the positive charge of the
polythiophene. The anion of polystyrenesulphonic acid (PSS) is particularly preferable if
poly(3,4-cthylenedioxythiophene) is used as the cationic polythiophene a).

According to a particularly preferred embodiment of the liquid composition according to the
present invention the cationic polythiophene a) and the polymeric counterion b) are present in
the form of a cationic polythiophene : polymeric counterion-complex, in particular in the form

of a PEDOT : PSS-complex.

Such ionic complexes are obtainable by polymerizing the thiophene monomers, preferably 3,4-
cthylenedioxythiophene, oxidatively in aqueous solution in the presence of the polymeric
counterion, preferably an anion of polystyrenesulphonic acid. Details of this process can be
found, for example, in chapter 9.1.3 in “PEDOT - Principles and Applications of an
Intrinsically Conductive Polymer”, Elschner et al., CRC Press (2011). In this context it is also
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preferred that the cationic polythiophene b) is obtainable by polymerization in the presence of

the polymeric counterion b) and in the absence of oxygen.

The molecular weight of the polymeric counterions b) is preferably 1,000 to 2,000,000,
particularly preferably 2,000 to 500,000. The polymeric counterions are commercially
obtainable, ¢.g. polystyrenesulphonic acids and polyacrylic acids, or can be prepared by known
processes (sece e¢.g. Houben Weyl, Methoden der organischen Chemie, vol. E 20

Makromolekulare Stoffe, part 2, (1987), p. 1141 et seq.).

The total amount of cationic polythiophene a) and polymeric counterion b), preferably the total
amount of PEDOT : PSS, in the liquid composition according to the present invention is
preferably in the range from 0.01 to 30 wt.-%, preferably in the range from 0.1 to 20 wt.-% and
even more preferred in the range from 0.5 to 10 wt.-%, in each case based on the total weight

of the liquid composition.

As component ¢) the liquid composition comprises sulfur, wherein the sulfur is preferably
present in the form of elemental sulfur. Sulfur ¢) can be any present in the liquid composition
according to the present invention in any form of solid elemental sulfur, including crystalline
sulfur, amorphous sulfur, precipitated sulfur, sublimed sulfur, sulfur solidified from the melt or
a mixture of at least two of these sulfur modifications. Preferably, sulfur is present in the form
of elemental sulfur that is present in the form of dispersed particles, wherein the particle size of
the sulfur particles in the liquid composition is preferably less than 50 um, more preferably
less than 25 um, even more preferably less than 10 um and even more preferably less than

5 um.

The amount of sulfur ¢) in the liquid composition according to the present invention can be at
least 5 wt.-%, preferably at least 10 wt.-% and more preferably at least 25 wt.-%, in each case
based on the total weight of the liquid composition. Preferably, the amount of sulfur ¢) in the
liquid composition according to the present invention is less than 99 wt.-%, preferably less
than 95 wt.-% and more preferably less than 90 wt.-%, in each case based on the total weight

of the liquid composition.
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It is particularly preferred that in the liquid composition according to the present invention
sulfur c¢) is predominantly not adsorbed to the surface of a particulate material based on
clemental carbon, such as a graphene sheet or a carbon nanotube, but is present in the form of
sulfur particles that are freely dispersed in the liquid composition. In this context it is preferred
that according to one specific embodiment of the liquid composition according to the present
invention the composition comprises less than 5 wt.-%, preferably less than 2.5 wt.-% and
more preferably less than 1 wt.-%, in each case based on the total weight of the liquid
composition, of a material based on elemental carbon, in particular less than 5 wt.-%,
preferably less than 2.5 wt.-% and more preferably less than 1 wt.-%, in each based on the total
weight of the liquid composition, of a particulate material based on elemental carbon on the
surface of which sulfur is adsorbed, such as activated graphene sheets or carbon nanotubes.
According to one embodiment of the liquid composition according to the present invention the

liquid composition is completely free of any particulate material based on elemental carbon.

However, according to a further specific embodiment of the liquid composition according to
the present invention the composition may also comprise elemental carbon f). Suitable
examples of such materials comprise carbon black, such as those materials that are
commercially available under the tradenames Ketjenblack™ (manufactured by the Ketjen Black
International Company), Super P® (manufactured by the Timcal), Super C45° or Super C65°
(manufactured by the Timcal Graphite & Carbon Inc.), graphite, graphene, vapor grown
carbon fiber (VGCF), carbon nanotubes (CNTs) or other conductive micro-, meso- and

macroporous carbon materials, such as Porocarb from Heraecus Quarzglas GmbH.

According to this particular embodiment the amount of elemental carbon f) can be in the range
from 0.1 to 25 wt.-%, preferably in the range from 0.5 to 15 wt.-% and more preferably in the

range from 1 to 10 wt.-%, in each case based on the total amount of the liquid composition.

The liquid composition also comprises at least one solvent d) having a boiling point of 0°C or
more, preferably 85°C or more but not more than 100°C and more preferably 90°C or more but
not more than 100°C. These boiling points are in each case determined at a pressure of
1013 mbar. The composition also comprises at least one conductivity improving agent ¢). As a
“conductivity improving agent ¢)” any compound can be use that, when being added to an

aqueous PEDOT/PSS-dispersion leads to an increase of the specific surface resistance of a

18



10

15

20

25

30

WO 2016/146612 PCT/EP2016/055509

conductive layer prepared by applying the PEDOT/PSS-dispersion onto the surface of a glass
substrate and subsequently drying the aqueous PEDOT/PSS-film. Preferably, the conductivity
improving agent ¢) leads to a decrease of the specific surface resistance by at least 5 %,

preferably by at least 10 % and more preferably by at least 20 %.

In this context it is preferred that the liquid composition comprises the at least one solvent d) in
an amount of at least 0.1 wt.-%, preferably at least 0.5 wt.-% and more preferably at least 1
wt.-%, in each case based on the total amount of the liquid composition. The maximum
amount of solvent d) in the liquid composition according to the present invention is preferably
less than 50 wt.-% preferably less than 25 wt.-% and more preferably less than 10 wt.-%, in
cach case based on the total amount of the liquid composition. If the composition comprises
two or more solvents d), the above mentioned amounts refer to the total amount of these
solvents. Furthermore, the liquid composition may comprise the conductivity improving agent
¢) in an amount of at least 10 wt.%, preferably at least 20 wt.-% and more preferably at least
30 wt.-%, in each case based on the total weight of the liquid composition. The maximum
amount of the conductivity improving agent ¢) in the liquid composition according to the
present invention is preferably less than 99.9 wt.-% preferably less than 90 wt.-% and more
preferably less than 80 wt.-%, in each case based on the total amount of the liquid
composition. If the composition comprises two or more conductivity improving agents ¢), the
above mentioned amount refer to the total amount of these agents. Also, the weight ratio of the
solvent d) to the conductivity improving agent ¢) is preferably in the range from 1 : 10 to
1000 : 1, preferably in the range from 1:1 to 150 : 1 and mot preferably in the range from
5:1to 100 : 1. Again, if the composition comprises two or more solvents d) or two or more
conductivity improving agents ¢), these weight ratios correspond to the weight ration total

amount of solvent : total amount of conductivity improving agent.

According to a particularly preferred embodiment of the liquid composition according to the
present invention solvent d) is selected from the group consisting of water, benzene, sec.-butyl
alcohol, dichloroethane, dichloropropane, diisopropylamine, ethylen chloride, n-heptane, iso-
heptane, iso-propyl acetate, iso-propanol, methyl isopropyl ketone, ethylenglycol
dimethylether, n-propanol, trichlorocthylene or a mixture of at least two of these solvents,

wherein the use of water as solvent d) is particularly preferred.
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According to a first particular embodiment of the liquid composition according to the present
invention the conductivity improving agent ¢) is liquid at 20°C and 1013 mbar and has a
boiling point of more than 100°C, preferably more than 125°C and more preferably more than

150°C.

According to a second particular embodiment of the liquid composition according to the

present invention the conductivity improving agent is solid at 20°C and 1013 mbar.

The conductivity improving agent ¢) is preferably selected from the group consisting of an
monoalkylene glycol, a dialkylene glykol, a trialkylene glycol, a tetraalkylene glycol, a mono-
or diether of these mono-, di-, tri- oder tetraalkylene glycols, a lactone group-comprising
compounds, a amide group- or lactam group-comprising compound, a sulphones or
sulphoxide, sugars or sugar derivatives, sugar alcohols or furan derivatives, such as e.g. 2-
furancarboxylic acid, 3-furancarboxylic acid, glycerol, diglycerol, triglycerol, tetraglycerol or a
mixture of at least two thereof. Particularly preferred as the conductivity improving agent ¢)
are cthylene glycol, propylene glycol, butylene glycol, hexylene glycol, diethylene glycol,
dipropylene glycol, triethylene glycol, tripropylene glycol, tetracthylene glycol, tetrapropylene
glycol, propylene glycol methyl ether, dipropylene glycol methyl ether, tripropylene glycol
methyl ether, propylene glycol propyl ether, dipropylene glycol propyl ether, tripropylene
glycol propyl ether, propylene glycol butyl ether, dipropylene glycol butyl ether, tripropylene
glycol butyl ether, propylene glycol phenyl ether, dipropylene glycol dimethyl ether,
diethylene glycol ethyl ether, diethylene glycol methyl ether, diethylene glycol butyl ether,
diethylene glycol hexyl ether, ethylene glycol propyl ecther, ethylene glycol butyl ether,
ethylene glycol hexyl ether, triethylene glycol methyl ether, triethylene glycol ethyl ether,
tricthylene glycol butyl ether, ethylene glycol phenyl ecther, ethylene glycol ethyl ether,
tetrahydrofuran, butyrolactone, valerolactone, N-methyl caprolactam, N,N-dimethyl
acetamide, N-methyl acetamide, N,N-dimethyl formamide (DMF), N-methyl formamide, N-
methyl formanilide, N-methyl pyrrolidone (NMP), N-octyl pyrrolidone, pyrrolidone,
sulpholane (tetramethylene sulphone), dimethyl sulphoxide (DMSO), glycerol, diglycerol,
triglycerol or tetraglycerol, sucrose, glucose, fructose, lactose, sorbitol, mannitol, 2-

furancarboxylic acid, 3-furancarboxylic acid and mixtures thereof.
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According to a preferred embodiment of the liquid composition according to the present
invention the composition comprises less than 10 wt.-%, preferably less than 5 wt.-% and more
preferably less than 1 wt.-%, in each case based on the total amount of the composition, of
components having a flash point of less than 25°C. In this context it may be particularly
advantageous that the liquid composition according to the present invention is completely free
of components having a flash point of less than 25°C. Components having a flash point of less
than 25°C and which may be comprises in the liquid composition according to the present
invention in the amounts specified above or which may not be comprises at all in the liquid
composition according to the present invention may be selected from the group consisting of

methanol, ethanol, propanol or a mixture of at least two thereof.

According to a further preferred embodiment of the liquid composition according to the
present invention the composition may also comprise a non-conductive polymer g), wherein
the non-conductive polymer preferably serves as a binder. Particularly preferred non-
conductive polymers f) are polymers seclected from the group consisting of polyesters,
polyacrylate, polymethacrylates, polyurethanes, polyamides, polyimides, polyethers, vinyl
polymers, polysaccharide, polyethylene oxide, gelatin, carboxymethyl cellulose, styrene-
butadiene-rubber, poly(acrylamide-co-diallylmethylammonium chloride), carbonyl-beta-
cyclodextrine, polyvinyl alcohol, polyvinyl pyrrolidone, polyvinylidene fluoride,
poly(tetrafluoroethylene), derivatives thercof, copolymers thereof, and a mixture of two or
more therecof. The amount of such non-conductive polymers f), if present, is preferably in the
range from 0.1 to 30 wt.-%, more preferably in the range from 0.5 to 20 wt.-% and more
preferably in the range from 1 to 10 wt.-%, in each case based on the total amount of the liquid

composition.

Besides components a), b), ¢), d), ¢) and optionally f) and g) the liquid composition may also
comprise one or more further additives such as crosslinking agents, viscosity modifiers or pH-

regulators.

- Suitable crosslinking agents are melamine compounds, masked isocyanates, functional
silanes - e.g. tetracthoxysilane, alkoxysilane hydrolysates, e.g. based on tetra-
cthoxysilane, epoxysilanes, such as 3-glycidoxypropyltrialkoxysilane, epoxides or

oxetanes, amines, quaternary amines, polyamines or quaternary polyamines.
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- Suitable viscosity modifiers are hydroxypropyl methylcellulose (HPMC), methyl
cellulose, ethyl cellulose, xanthan gum, polyvinyl alcohol, carboxy methyl cellulose, and

hydroxy ethyl cellulose.

- Suitable pH regulators are acids and bases which do not influence film production.

Possible bases are amines and primary, tertiary or alkylamines.

Preferably, the pH of the liquid composition according to the present invention is in the range
of from 1 to 8, preferably in the range from 1 to 7.5 and more preferably in the range from 1.5
to 7, in each case determined at 25°C. According to a particular embodiment of the liquid
composition according to the present invention, however, the pH of the liquid composition is

in a range from 6 to 8.

The viscosity of the liquid composition according to the present invention is preferably less
than 50,000 mPa-s (measured at 20 °C with a rotational viscosimeter Haake Viscotester VT-02,
62.5 rpm, rotor No. 1), more preferably less than 25,000 mPa-s and even more preferably less
than 10,000 mPa-s. Moreover, the viscosity of the liquid composition according to the present
invention is preferably at least 10 mPa-s, more preferably at least 100 mPa-s and most

preferably at least 1000 mPa-s.

The present invention also relates to a powdered composition comprising

a)  at least one cationic polythiophene;

b)  at least one polymeric counterion;

c) sulfur;

wherein the cationic polythiophene and the at least one polymeric counterion are present in the

form of a cationic polythiophene : polymeric counterion-complex.
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The powdered composition according to the present invention can be obtained, for example, by
drying the liquid composition according to the present invention (i. e. by removing at least a

part of the at least one solvent d)) and optionally by subsequently grinding the resultant solid.

The powdered composition according to the present invention can also be used to prepare
conductive layers such as an electrode in a lithium-sulfur electrochemical cell. For that
purpose the powdered composition can be redispersed, preferably in the form of a slurry as
described above, in an appropriate solvent or solvent mixture. A substrate can then be at least
partially superimposed with the liquid composition thus obtained and upon removal of at least
a part of the solvent a conductive layer is formed. As a solvent or solvent mixture any solvent
or solvent mixture can be used in which the powdered composition can be dispersed in the
form of a slurry. Suitable solvents do not only comprise those solvents that have been
mentioned as solvent d) in connection with the liquid composition according to the present
invention, but also other solvents such as acetonitrile. Furthermore the powdered composition
according to the present invention can also be formed into an electrode by a compression
method, for example by means of roll pressing. In this context the powdered composition
according to the present invention can be supplemented with further binder materials such

PTFE-powder.

Preferred cationic polymers a) and polymeric counterions b) are those cationic polymers and
polymeric counterions that have already been mentioned as preferred embodiments in
connection with the liquid composition according to the present invention. The total amount of
cationic polythiophene a) and polymeric counterion b), preferably the total amount of
PEDOT : PSS, in the powdered composition according to the present invention is preferably in
the range from 0.05 to 30 wt.-%, preferably in the range from 0.5 to 20 wt.-% and even more
preferred in the range from 1 to 10 wt.-%, in each case based on the total weight of the

powdered composition.

With respect to sulfur that is present as component c¢) in the powdered composition according
to the present invention this component is preferably present in the form of elemental sulfur.
Sulfur ¢) can be any present in the powdered composition according to the present invention in

any form of solid elemental sulfur, including crystalline sulfur, amorphous sulfur, precipitated
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sulfur, sublimed sulfur, sulfur solidified from the melt or a mixture of at lecast two of these

sulfur modification.

According to a preferred embodiment of the powdered composition according to the present
invention the amount of sulfur in the powder composition is more than 50 wt.-%, preferably
more than 60 wt.-%, more preferably more than 70 wt.-% and even more preferably more than
80 wt.-%, in each case based on the total weight of the composition. It is furthermore preferred
that in the powdered composition according to the present invention the mass ratio of sulfur to
the at least one cationic polythiophene is greater than 8 : 1, preferably greater than 15 : 1 and

more preferably greater than 20 : 1.

As it is the case for the liquid composition according to the present invention it is also
particularly preferred that in the powdered composition according to the present invention
sulfur c¢) is predominantly not adsorbed to the surface of a particulate material based on
elemental carbon, such as a graphene sheet or a carbon nanotube. In this context it is preferred
that according to one specific embodiment of the powdered composition according to the
present invention the composition comprises less than 30 wt.-%, preferably less than 20 wt.-%
and more preferably less than 10 wt.-%, in each case based on the total weight of the powdered
composition, of a particulate material based on elemental carbon, in particular less than 30 wt.-
%, preferably less than 20 wt.-% and more preferably less than 10 wt.-%, in each based on the
total weight of the powdered composition, of a particulate material based on elemental carbon
on the surface of which sulfur is adsorbed, such as activated graphene sheets or carbon
nanotubes. According to one embodiment of the powdered composition according to the
present invention the powdered composition is completely free of any a material based on

elemental carbon.

However, according to a further specific embodiment of the powdered composition according
to the present invention the composition may also comprise elemental carbon f). Suitable
examples of such materials are those that have already been mentioned in connection with the
liquid composition according to the present invention. According to this particular
embodiment the amount of elemental carbon f) can be in the range from 0.1 to 30 wt.-%,
preferably in the range from 0.5 to 20 wt.-% and more preferably in the range from 1 to 10 wt.-

%, in each case based on the total amount of the powdered composition.
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According to a particular embodiment of the powdered composition according to the present
invention the powdered composition comprises less than 5 wt.-%, preferably less than 1 wt.-%
and more preferably less than 0.1 wt.-%, in each case based on the total weight of the
powdered composition, of a binder. According to a further particular embodiment of the
powdered composition according to the present invention the powdered composition is free of

a binder.

The present invention also relates to a process of preparing a composition comprising the

steps:

1)  providing a liquid pre-composition comprising at least one cationic polythiophene a), at
least one polymeric counterion b) and at least one solvent d) having a boiling point of
80°C or more, preferably 85°C or more but not more than 100°C and more preferably
90°C or more but not more than 100°C, wherein the at least one cationic polythiophene
a) and the at least one polymeric counterion b) are present in the form of a cationic

polythiophene : polymeric counterion-complex;

i)  mixing the liquid pre-composition obtained in process step 1) with sulfur c);

ii1)) mixing the liquid pre-composition obtained in process step i) or the composition

obtained in process step ii) with at least one conductivity improving agent ¢);

wherein the boiling point in each case is determined at a pressure of 1013 mbar and wherein
the composition obtained by the process comprises less than 10 wt.-%, preferably less than
5 wt.-% and more preferably less than 1 wt.-% of components having a boiling point of less
than 80°C, in each case based on the total weight of the composition. According to a particular
embodiment of the process according to the present invention the composition obtained by the

process is free of components having a boiling point of less than 80°C.

Preferred cationic polythiophenes a), polymeric counterions b), solvents d) and conductivity

improving agents ¢) are those polythiophenes, polymeric counterions, solvents and
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conductivity improving agents that have already been described as preferred embodiments in

connection with the liquid composition according to the present invention.

In process step 1) of the process according to the present invention a liquid pre-composition is
provided comprising at least one cationic polythiophene a), at least one polymeric counterion
b) and at least one solvent d) having a boiling point of 80°C or more, wherein the at least one
cationic polythiophene a) and the at least one polymeric counterion b) are present in the form
of a cationic polythiophene : polymeric counterion-complex. Such a cationic polythiophene :
polymeric counterion-complex can be prepared by oxidatively polymerizing the thiophene
monomers on which the cationic polythiophene a) is based, particularly preferred 3,4-cthylene-
dioxythiophene, in the presence of the polymeric counterion b) in solvent d), preferably in

water.

Any oxidising agent that is suitable for the oxidative polymerisation of the thiophene
monomers on which the cationic polythiophenes a) are based can be used as oxidising agents.
For practical reasons, inexpensive and easy-to-handle oxidising agents are preferred, for
example iron(Ill) salts, such as FeCls, Fe(ClO4y; and the iron (III) salts of organic acids and
organic radicals of inorganic acids containing further H,O, K,Cr,05, alkali and ammonium
persulphates, alkali perborates, potassium permanganate and copper salts such as copper
tetrafluoroborate. The use of persulfate and ferric salts of organic acids and inorganic acids
containing organic radicals has the great applicational advantage that they are not corrosive.
As ferric salts of inorganic acids containing organic radicals such as the ferric salts of sulfuric
acid half esters of C;-Cy alkanols are, for example, as mentioned, the iron (III) salt of lauryl
sulphates. As ferric salts of organic acids are, for example: the iron(IIl) salts of C;-Cy alkyl
sulfonic acids, such as methane and dodecane; aliphatic C;-Cyo carboxylic acids such as 2-
cthylhexyl; aliphatic perfluorocarboxylic acids such as trifluoroacetic acid and
perfluorooctanoic acid; aliphatic dicarboxylic acids such as oxalic acid and, in particular from
aromatic, optionally substituted by C;-Cyo alkyl substituted sulfonic acids such as

benzenesulfonic acid, p-toluenesulfonic acid and dodecylbenzenesulfonic acid.

In this context it may also be advantageous to perform the oxidative polymerisation of the
thiophene monomers under an atmosphere having a reduced oxygen content as it is described,

for example, in WO 03/048227 Al. The reduction of the oxygen content can, for example, be
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accomplished by stirring the components used to prepare the liquid composition that is
provided in process step 1) under a reduced pressure or by degasing these components using an
inert gas such as N, or CO,. After the preparation of the liquid composition that is provided in
process step 1) these compostions are preferably treated with basic and acidic ion exchangers
for the removal of inorganic salts. The solid content of the liquid pre-composition that is
provided in process step i), preferably the solid content of the aqueous PEDOT : PSS
dispersion, is preferably in the range from 0.01 to 15 wt.-%, more preferably 0.1 to 10 wt.-%
and more preferably 1 to 5 wt.-%, in each case based on the total weight of the liquid
composition. The weight ratio of the cationic polythiophene : polymeric counterion, preferably
the weight ratio of PEDOT : PSS is preferably in the range from 1 : 0.5 to 1 : 50, preferably in

the range from 1 : 1 to 1 : 30 and even more preferably in the range from 1 :2to 1 : 15.

Besides components a), b) and d) the liquid pre-composition may comprise further
components, in particular those crosslinking agents, viscosity modifiers or pH-regulators that
have already been mentioned as preferred additives in connection with the liquid composition

according to the present invention.

In process step ii) of the process according to the present invention the liquid pre-composition

obtained in process step 1) is mixed with sulfur c).

In this context it is particularly preferred that sulfur c) is used in the process according to the
present invention in the form of elemental sulfur, including crystalline sulfur, amorphous
sulfur, precipitated sulfur, sublimed sulfur, sulfur solidified from the melt or a mixture of at
least two of these sulfur modifications. In this context it is particularly preferred that the sulfur
that is used in process step ii) is predominantly not adsorbed to the surface of a particulate

material based on elemental carbon, such as a graphene sheet or a carbon nanotube.

Mixing of sulfur with the liquid pre-composition that has been provided in process step 1),
preferably with an aqueous PEDOT : PSS dispersion can be accomplished in any manner the
person skilled in the art considers as appropriate for mixing liquid components such as
PEDOT : PSS dispersions with powdered materials such as elemental sulfur. Suitable mixing

devices include, but are not limited to, static mixers, Ultra-Turrax mixers screw mixers, disk
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mixers, plowshare mixers, paddle mixers, ribbon blender screws, SCHUGI mixers and

continuous flow mixers.

The components are mixed in process step ii) to such an extent that a liquid composition
comprising the cationic polythiophene a), the polymeric counterion b), the at least one solvent
d) and sulfur ¢) is obtained, wherein the liquid composition can be a solution, a dispersion or
an emulsion. However, according to a particularly preferred embodiment of the process
according to the present invention the components are mixed in process step ii) to such an
extent that a slurry of these components is obtained. In this context it is again particularly
advantageous that in the liquid composition obtained in process step ii) at least 0.1 wt.-%,
preferably at least 10 wt.-% and more preferably at least 25 wt.-% of the total amount of
component ¢) is undissolved in solvent d) (or, if a mixture of two or more solvents d) is used,

in the mixture of the solvents).

According to a particularly preferred embodiment of the process according to the present
invention during or after process step ii) the mixture is subjected to shearing. This can be
accomplished with a mechanical shearing treatment selected from air milling, air jet milling,
pressurized fluid milling, bead milling, rotating blade grinding, ultrasonicating, or a
combination thereof. In this context it is particularly preferred to accomplish shearing of the
mixing components by bead milling. A suitable bead milling process is, for example, disclosed
in US 7,300,512 B2. In this context it is particularly preferred to apply shearing forces to such
an extent that, if particulate elemental sulfur is used in process step ii), the particle size of the
sulfur particles in the composition is reduced to less than 50 um, more preferably to less than

25 um, even more preferably to less than 10 pm and even more preferably to less than 5 pm.

In process step iii) of the process according to the present invention the liquid pre-composition
obtained in process step 1) or the composition obtained in process step ii) is mixed with at least
one conductivity improving agent ¢). The conductivity improving agent ¢) can thus be added to
the liquid pre-composition obtained in process step i) before sulfur ¢) is added in process step

1) but it can also be added after sulfur c¢) has been mixed with the liquid pre-composition.

According to a further particularly preferred embodiment of the process according to the

present invention the composition obtained by the process comprises less than 10 wt.-%,
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preferably less than 5 wt.-% and more preferably less than 1 wt.-%, in each case based on the
total weight of the liquid composition, of components with a flash point of less that 25°C such

as methanol or ethanol.

It may furthermore be advantageous if the process according to the present invention

comprises the further process step:

iv)  adjusting the pH of the composition before, during or after step ii), preferably adjusting
the pH to a value in the range from 4 to 8, more preferably in the range from 5 to 8 and

even more preferably in the range from 6 to 8, in each case determined at 25°C.

Adjusting the pH of the liquid composition can be accomplished by adding basic compounds
such as ammonia or basic alkali salts such as LiOH, LiHCO;, Li,CO3z, KOH, KHCO;, K,COs,

NaOH, NaHCO; or Na,COs.

According to a further particular embodiment of the process according the present invention

comprises the process comprises the further process step:

v)  removing at least part of the at least one solvent d) from the composition that is obtained

by the process to obtain a powdered composition.

Removal of the solvent can be accomplished by simply evaporation, for example by drying the
liquid composition in an oven at temperatures in the range from 20°C to 125°C, preferably in
the range from 50°C to 115°C or by means of IR- or vacuum drying, optionally while stirring
the liquid composition. The resultant dried product can subsequently be subjected to a milling

step in order to adjust the particle size or the powdered material.

The present invention also relates to a liquid or powdered composition that is obtainable by the

process according to the present invention.

The present invention also relates to a lithium-sulfur electrochemical cell comprising a first

electrode that has been produced by superimposing a substrate with the liquid composition
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according to the present invention or the liquid composition that is obtainable by the process
according to the present invention and by subsequently removing at least a part of the at least
one solvent d), thereby obtaining a substrate that is superimposed with an electrically

conductive layer.

The first electrode of lithium-sulfur electrochemical cell according to the present invention is
the cathode. The electrochemical cell according to the present invention usually further
comprises a second electrode material serving as the anode, a separator separating the first and

the second electrode and an electrolyte.

The second electrode is based on at least one lithium-containing compound, wherein the
lithium-containing compound is preferably selected from the group consisting of lithium metal

(Li or Li” anode), lithiated silicon, lithiated tin or another lithium-containing material.

The separator separating the first and the second electrode is preferably a porous material such
as a porous membrane or a diaphragm. The separator can be made from, for example,
polymers such as polyvinylidene fluoride (PVDF), polyvinylidene fluoride-co-
hexafluoropropylene (PVDF-HFP), polyethylene (PE), polypropylene (PP), or similar
polymers and inorganic additives such as clays or organically modified clays (e.g., clays

including cationically or anionically or chemically modified surface functional group(s)).

The electrolyte is preferably selected from the group consisting of liquid electrolytes and
electrolytes based on polymers in the form of solid to gelatinous films or a combination
thereof. Preferably, the electrolyte is a liquid electrolyte comprising a lithium salt being
dissolved in an aprotic solvent. Suitable lithium salt can be selected from the group consisting
of LiPFg, LiClOy, lithium bis(oxalato)borate (LiBOB) or a mixture of at least two thereof. The
aprotic solvent can be selected from the group consisting of ethylene carbonate, propylene
carbonate, dimethyl carbonate, diethyl carbonate, 1,2-dimethoxyethane, sulfolan, toluene,

dimethyl ether, diethyl ether, diglyme, tetraglyme or a mixture of at least two thereof.

Methods of preparing a lithium-sulfur electrochemical in which liquid compositions, in
particular slurries, containing elemental sulfur are used to prepare the cathode are, for example,

disclosed in US 7,303,837 B2.
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The present invention also relates to the use of the liquid or the powdered composition
according to the present invention or the the liquid or the powdered composition that is
obtainable by the process according to the present invention for the production of an electrode
in a lithium-sulfur electrochemical cell, in particular for the production of an electrode in a
lithium-sulfur electrochemical cell according to the present invention that has been described

above.

The invention is now explained in more detail with the aid of non-limiting figures and

examples.

Figure 1 is a plot showing cathode voltage versus time that is obtained when subjecting the
lithium-sulfur electrochemical cell that has been prepared in Example 4 to multiple

discharge/charge cycles in the voltage range of 1.5 to 3.0 V and a constant current of 10 mA/g.

Examples

Example 1: Preparation of a liquid composition according to the present invention

A dissolver equipped with bead milling adaption and a 500 mL water-cooled stainless steel
container (Dispermat CV/S with APS bead mill from VMA-Getzmann GmbH) was charged
with 380 g cerium-stabilized zirconium dioxide beads (d = 0.7-1.2 mm), 200 g of an aqueous
PEDOT : PSS dispersion (PEDOT : PSS =1 : 2.5, solid content = 4.45%) and 10 g of ethylene
glycol (> 98%, Applichem). While milling the mixture at 1000 rpm 80 g of sulfur (99.5%,
Aldrich) were added in 10 g portions over one minute. The resulting slurry was further milled
at 3500 rpm for 20 min. By using a grindometer (BYK-Gardner, No. 1512) the particle size
was determined to be smaller than 10 um. After sieving off the zirconium dioxide beads the
viscosity of the slurry was 1800 mPa-s (Haake Viscotester VT-02, 62.5 rpm, rotor No. 1). The
pH value of a diluted sample (1.1 g slurry + 4.0 g deionized water) was determined to be 1.9
(pH meter, Schott CG817T).

The undiluted slurry was coated onto a glass plate using a 500 um doctor blade. The layer was

dried for 5 h at room temperature and then for 16 h at 110°C in a drying oven. The smooth
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layer had a sheet resistance of 20 Ohm/sq (four point probe, Mitsubishi Chemical Analytech,
Loresta-AX MCP-T370)

Example 2: Preparation of a powdered composition according to the present invention

50 g of the dispersion of example 1 was transferred into a glass dish (r = 4 cm) and dried in a
drying oven at 110°C for 5h. The remaining solid was milled in a mortar grinder
(Retsch RM 100) for 10 min at low fineness and 2 min at high fineness for 15 min. The ground
powder was dried further at 110°C for 16 h.

The resulting powder was pressed into a pellet (r = 7 mm, h = 1.3mm, density 1.84 g/cm’).
Metal electrodes of known dimensions were pressed against the bottom and top of the pellet

and the resistivity was determined to be 8.9 Ohm-cm.

Example 3: Preparation of a liquid composition according to the present invention

A dissolver equipped with bead milling adaption and a 500 mL water-cooled stainless steel
container (Dispermat CV/S with APS bead mill from VMA-Getzmann GmbH) was charged
with 380 g cerium-stabilized zirconium dioxide beads (d = 0.7-1.2 mm), 200 g of an aqueous
PEDOT : PSS dispersion (PEDOT : PSS =1 : 2.5, solid content = 4.45%) and 10 g of ethylene
glycol (> 98%, Applichem). While milling the mixture at 1000 rpm 75.7 g of sulfur (99.5%,
Aldrich) were added in 10 g portions over one minute. Then 4.6 g of carbon black (Super C65
from Timcal) were added. The resulting slurry was further milled at 3500 rpm for 20 min. By
using a grindometer (BYK-Gardner, No. 1512) the particle size was determined to be smaller
than 10 pm. After sieving off the zirconium dioxide beads the viscosity of the slurry was
2300 mPa-s (Haake Viscotester VT-02, 62.5 rpm, rotor No. 1). The pH value of a diluted
sample (1.0 g slurry + 4.5 g deionized water) was determined to be 2.1 (pH meter, Schott
CGS817T).

The undiluted slurry was coated onto a glass plate using a 500 um doctor blade. The layer was
dried for 5 h at room temperature and then 16 h at 110°C in a drying oven. The smooth layer
had a sheet resistance of 7 Ohm/sq (four point probe, Mitsubishi Chemical Analytech, Loresta-
AX MCP-T370).
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Example 4: Preparation of a lithium-sulfur cell according to the present invention

The slurry of example 1 was coated onto an argon-plasma treated aluminium foil via doctor
blading (100 um slid width, 1 mm/s). The layer was dried by applying infrared light for 3 h
and further drying in vacuum for 15 h at 60°C. The layer thickness was 25 um. After drying,
coin cells were assembled in inert atmosphere comprising a lithium anode, lithium reference
electrode, polyolefin separator (Celgard), and a liquid electrolyte consisting of 1 mol/L
lithiumbis(trifluoromethylsulphonyl)imid in a mixture (v/v = 4/1) of 1,2-dimethoxyethane and

1,3-dioxolane.
The coin cells were subjected to multiple discharge/charge cycles in the voltage range of 1.5 to

3.0 V and a constant current of 10 mA/g (see figure 1). The capacity of first discharge was
determined to be 45 mAh/g.
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Claims

A liquid composition comprising

a)  at least one cationic polythiophene;

b)  at least one polymeric counterion;

c) sulfur;

d)  at least one solvent having a boiling point of 80° or more;

¢) at least one conductivity improving agent;

wherein the liquid composition comprises less than 10 wt.-% of components having a
boiling point of less than 80°C, based on the total weight of the liquid composition,

and wherein the boiling point in each case is determined at a pressure of 1013 mbar.

The liquid composition according to claim 1, wherein the composition comprises the
at least one conductivity improving agent ¢) in an amount of at least 0.1 wt.-%, based

on the total amount of the liquid composition.

The liquid composition according to claim 1 or 2, wherein solvent d) is water.

The liquid composition according to any of the preceding claims, wherein the
conductivity improving agent is liquid at 20°C and 1013 mbar and has a boiling point

of more than 100°C.

The liquid composition according to any of claims 1 to 3, wherein the conductivity

improving agent is solid at 20°C and 1013 mbar.

The liquid composition according to any of the preceding claims, wherein the
conductivity improving agent ¢) is selected from the group consisting of ethylene
glycol, propylene glycol, butylene glycol, hexylene glycol, diethylene glycol,
dipropylene glycol, triethylene glycol, tripropylene glycol, tetracthylene glycol,
tetrapropylene glycol, propylene glycol methyl ether, dipropylene glycol methyl ether,
tripropylene glycol methyl ether, propylene glycol propyl ether, dipropylene glycol
propyl ether, tripropylene glycol propyl ether, propylene glycol butyl ether,
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dipropylene glycol butyl ether, tripropylene glycol butyl ether, propylene glycol
phenyl ether, dipropylene glycol dimethyl ether, diethylene glycol ethyl ether,
diethylene glycol methyl ether, dicthylene glycol butyl ether, diethylene glycol hexyl
ether, ethylene glycol propyl ether, ethylene glycol butyl ether, ethylene glycol hexyl
ether, tricthylene glycol methyl ether, tricthylene glycol ethyl ether, tricthylene glycol
butyl ether, ethylene glycol phenyl ether, ethylene glycol ethyl ether, tetrahydrofuran,
butyrolactone, valerolactone, N-methyl caprolactam, N,N-dimethyl acetamide, N-
methyl acetamide, N,N-dimethyl formamide (DMF), N-methyl formamide, N-methyl
formanilide, N-methyl pyrrolidone (NMP), N-octyl pyrrolidone, pyrrolidone,
sulpholane (tetramethylene sulphone), dimethyl sulphoxide (DMSO), glycerol,
diglycerol, triglycerol, tetraglycerol, sucrose, glucose, fructose, lactose, sorbitol,
mannitol, 2-furancarboxylic acid, 3-furancarboxylic acidor a mixture of at least two

thereof.

The liquid composition according to any of the preceding claims, wherein the liquid
composition comprises less than 5 wt.-%, based on the total weight of the liquid

composition, of a particulate material based on elemental carbon.

The liquid composition according to any of the preceding claims, wherein sulfur ¢) is

elemental sulfur.

The liquid composition according to any of the preceding claims, wherein the cationic
polythiophene a) and the polymeric counterion b) are present in the form of a cationic

polythiophene : polymeric counterion-complex.

The liquid composition according to any of the preceding claims, wherein the liquid

composition is free of components having a flash point of less than 25°C.

A powdered composition comprising
a)  at least one cationic polythiophene;
b)  at least one polymeric counterion;

c) sulfur;
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wherein the cationic polythiophene and the at least one polymeric counterion are

present in the form of a cationic polythiophene : polymeric counterion-complex.

A process of preparing a composition comprising the steps:

1)  providing a liquid pre-composition comprising at least one cationic
polythiophene a), at least one polymeric counterion b) and at least one solvent
d) having a boiling point of 80°C or more, wherein the at least one cationic
polythiophene a) and the at least one polymeric counterion b) are present in the
form of a cationic polythiophene : polymeric counterion-complex;

i)  mixing the liquid pre-composition obtained in process step 1) with sulfur c);

ii1)) mixing the liquid pre-composition obtained in process step i) or the composition
obtained in process step ii) with at least one conductivity improving agent ¢);

wherein the boiling point in each case is determined at a pressure of 1013 mbar and

wherein the composition obtained by the process comprises less than 10 wt.-% of

components having a boiling point of less than 80°C, based on the total weight of the

composition.

The process according to claim 12, wherein during or after process step ii) the mixture

is subjected to shearing.

The process according to claim 12 or 13, wherein the composition obtained by the

process comprises less than 10 wt.-% of components with a flash point of less that

25°C, based on the total weight of the composition.

The process according to any of claims 12 to 14, wherein the process further

comprises the step:

v)  removing at least part of the solvent d) from the composition that is obtained by
the process to obtain a powdered composition.

A liquid composition obtainable by the process according to any of claims 12 to 14.

A powdered composition, obtainable by the process according to claim 15.
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A lithium-sulfur electrochemical cell comprising a first electrode that has been
produced by superimposing a substrate with the liquid composition according to one
of claims 1 to 10 or 16 and by subsequently removing at least a part of solvent d),
thereby obtaining a substrate that is superimposed with an electrically conductive

layer.
The use of the liquid composition according to one of claims 1 to 10 or 16 or of the

powdered composition according to claim 11 or 17 for the production of an electrode

in a lithium-sulfur electrochemical cell.
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