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IONIC LIQUID BASED ELECTROLYTES CONTAINING SULFIDE/POLYSULFIDE
REDOX COUPLE AND USES THEREOF

FIELD OF THE INVENTION

The present invention relates to inexpensive ionic liquid based electrolytes
containing sulfide/polysulfide anion and an organic cation serving as a redox
electrolyte, hereafter referred as organic sulfide/polysulfide ionic liquid based redox
electrolytes, in electrochemical and/or optoelectronic devices, in particular dye or
semiconductor (thin film or quantum dot) sensitised solar cells. These ionic liquid
electrolytes have moderate viscosity and can be used without a solvent.

BACKGROUND OF THE INVENTION
Photovoltaics is one of the most promising candidates to supply secure, clean,

sustainable energy from an abundant source like solar light. However, the
production costs of electricity by the present photovoltaic technology, mainly based
on silicon, is still relatively high especially with respect to the conventional fossil fuel
energy sources. Electrochemical solar cells are an attractive alternative to silicon
solar cells mainly in order to decrease the photovoltaic electricity costs.

The dye sensitised solar cell [B. O'Regan et al. Nature 1991, 353, 737] is the best-
known example of electrochemical solar cell. However, variants using
semiconductor sensitisers, such as extremely thin films [C. Lévy-Clément et al. Adv.
Mater. 2005, 17, 1512] and quantum dots [A. Zaban et al. Langmuir 1998, 14, 3153;
P.V. Kamat, J. Phys. Chem. C 2008, 112, 18737], are now emerging as appealing
alternatives to efficiently absorb a broader spectral part of the solar irradiance.
Additionally, quantum dots are especially interesting due to the potential multiple
exciton generation [J.E. Murphy et al. J. Am. Chem. Soc. 2006, 128, 3241], opening
wide possibilities to enhance the conversion efficiency.

Electrolytes are a crucial part of the electrochemical devices. In the framework of
semiconductor sensitised solar cells, the main issue still to be solved is to find a
non-volatile electrolyte encompassing a redox couple that is electrochemically
stable, non-corrosive, transparent and compatible with the light absorbing material. I
/I3 has been the most investigated redox couple for dye sensitised solar cells so far.
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However, it is not compatible with used semiconductor sensitisers (CdSe, CdS,
CdTe, PbS, InP, InAs, etc. [P.V. Kamat, J. Phys. Chem. C 2008, 112, 18737]) due to
the rapid corrosion of semiconductor sensitiser. Alternative redox couples such as
Fe(CN)s*/Fe(CN)s*>, Fe*/Fe*, and S?/S,% in aqueous and [Co(o-phen)s?** in
organic solvent media have then been proposed. Although aqueous S?/S.* redox
electrolyte which is for instance disclosed in JP 53 019527 A, EP 0 024 111 A1 and
US 4 180 625 A, is the most frequently used electrolyte in the emerging
investigations in semiconductor sensitised solar cells, the S*/S,* aqueous redox
electrolytes remain poorly understood because of the complex chemistry of sulfur
species in water. In addition, the eventual corrosion of the chalcogenide compounds
in aqueous electrolytes was pointed out as a major problem of photoelectrochemical
cells based on single crystal or polycrystalline films of CdSe [S. Licht et al. Nature
1990, 345, 330].

Because ionic liquids possess favourable properties like negligible vapour pressure
and high ionic conductivity, they are very attractive for fabrication of robust
electrochemical devices. The use of ionic liquid based electrolytes containing 1715
redox couple has been crucial in improving the long-term stability of the dye
sensitised solar cells [Y. Bai et al. Nature Mater. 2008, 7,626].

In view of the above, it is an objective of the present invention to provide electrolytes
for electrochemical and/or optoelectronic devices that may lead to improved
performances. Furthermore, it is an objective to increase the stability of such

devices in particular electrochemical solar cells.

It is therefore an object of the present invention to provide an alternative redox
electrolyte for electrochemical and/or optoelectronic devices that overcomes at least
part of the aforementioned drawbacks of previous art and may lead to improved
performance, stability and durability of those devices.

It is an object of the present invention to provide an ionic liquid that dissolves sulfur
providing an organic sulphide /polysulfide ionic liquid based redox electrolyte with
good stability, high degree of reversibility, low vapour pressure and high thermal and
chemical stability.



10

15

20

25

30

WO 2011/144697 PCT/EP2011/058143

It is another object of the present invention to provide an electrolyte where
semiconductor light absorbers (thin films or quantum dots) are stable.

It is yet another objective of the present invention to provide new ionic liquid based
redox electrolytes or components of new redox electrolytes that can be favourable
applied in these devices. lonic liquids with negligible vapour pressure are also
known as “green” solvents due to their low-toxicity and sustainability. It is thus an
objective of the present invention to develop devices for “green” harvest of solar

energy.

SUMMARY OF THE INVENTION

The present inventors discovered that it is possible to prepare a new ionic liquid
containing hydrogensulfide or sulfide anions with organic cations. These novel ionic
liquids with moderate viscosities are able to dissolve elemental sulfur creating thus,
a sulfide/polysulfide redox couple directly, and hence producing very interesting
electrolytes. These new organic sulfide/polysulfide ionic liquid based redox
electrolytes can be prepared without the need of water or an organic solvent. These
organic sulfide/polysulfide ionic liquid based redox electrolytes may improve
performance, stability and durability of electrochemical and/or optoelectronic
devices, in particular sensitised solar cells with light sensitisers selected from dye,
semiconductors and their mixtures. This invention immensely improves the prior art
of using aqueous inorganic sulfide/polysulfide redox electrolytes in terms of stability
and durability for solar cell application.

In the first aspect the present invention provides a device selected from an
electrochemical device, an optoelectronic device and an electrochemical and
optoelectronic device containing an electrolyte with a formula selected from M,S/
M.S, (formula 1), MHS/ MHS, (formula 2) and their mixtures ((formula 1) and
(formula 2)) ionic liquids, where M is an organic cation as defined further below.

Another aspect of the present invention affords an electrolyte with formula 1, formula
2 or their mixtures which may optionally further comprise at least one more low-

temperature ionic liquid.
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In a further aspect the present invention provides the use of one or more of the ionic
liquids of the invention in a device selected from an electrochemical device, an
optoelectronic device and an electrochemical and optoelectronic device, in particular
in sensitised solar cells with light sensitisers selected from dye, semiconductors and

their mixtures.

Still a further aspect of the present invention provides a method of preparation of a
device selected from an electrochemical device, an optoelectronic device and an
electrochemical and optoelectronic device. The device encompasses a
semiconductor sensitised electrode, which sensitiser is selected from dye,
semiconductors and their mixtures, a counter electrode and the electrolyte layer
held between the two electrodes. The electrolyte contains an ionic liquid of a formula
selected from M;S/ M,S, (formulas 1), MHS/ MHS,, (formula 2) and their mixtures

and may contain different amounts of elemental sulfur.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1: Cyclic voltammetry of 1:1 molar mixture of bis-(1-butyl-3-
methylimidazolium) sulfide and sulfur. A 3 electrode system was used consisting of
Pt wires as working and counter electrodes, respectively, and a Ag/Ag.S reference
electrode.

Figure 2: Raman spectra of bis-(1-butyl-3-methylimidazolium) sulfide (below) and its
1:1 mixture with sulfur (above). Peaks at 399 and 435 cm™ depict polysulfide
species.

Figure 3: UV-vis spectra of the same system as in Figure 2 (a pure ionic liquid, b
mixture with sulfur) confirm the formation of polysulfide species.

Figure 4: Current-Potential curve of a Semiconductor Sensitised Solar Cell using as
electrolyte 1:1 molar mixture of bis-(1-butyl-3-methylimidazolium) sulfide and sulfur.
[llumination 1 sun, AM 1.5 G. Solar cell efficiency: 0.71%, FF=0.44, J..= 3.96
mA/cm?, V,.=0.405 V.

Figure 5: Time dependence of open circuit voltage, V..., taken at different times after
cell assembling. lllumination (1 sun, 1.5 AM G) on-off cycles.
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Figure 6: Time dependence of short circuit current, |, taken at different times after
cell assembling. lllumination (1 sun, 1.5 AM G) on-off cycles for sample just
assembled.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a device, hereinafter referred to as the device of the
invention, which is selected from an electrochemical device, an optoelectronic
device and an electrochemical and optoelectronic device. These devices exploit the
interaction or conversion between electric and chemical phenomena. In these
devices the charge transport is combined or accompanied with a redox reaction. An
optoelectric device takes advantage of the aforementioned phenomena to convert
optical energy to electricity (solar cell) or vice versa (electroluminescent device).

The word "comprise" or "comprising”, for the purpose of the present invention is
intended to mean "including amongst other'. It is not intended to mean "consisting

only of".

An electrolyte is an electrically conductive medium, basically due to the presence of
at least one substance that is present in a dissolved and/or molten state and thus
dissociated in free ions.

Liquid, in the term "ionic liquid", for the purpose of the present invention, is a
substance and/or composition having a melting point at 100°C or lower. Preferably,
any ionic liquid mentioned herein, in particular the ionic liquid according to formulas
(1 and 2), independently has preferably a melting point of < 50°C, more preferably <
35°C and most preferably < 25°C. Accordingly, the ionic liquids that may be used as
part of the present invention preferably are room temperature molten ionic liquids.

The expression "redox couple" as used herein refers to a couple comprising an

oxidized member and a reduced member.
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The present invention also relates to an ionic liquid based redox electrolyte,
hereinafter the electrolyte of the invention, comprising a compound of a formula
selected from:

Formula 1:  M.S/M.S, (My" S*/M,* S.2),
Formula 2: MHS/MHS,, (M" HS/M* HS,))

and mixtures thereof, where M is an organic cation.

M bears at least one positive charge. Preferably it carries one positive charge.
Examples of M have been disclosed in the previous literature, namely in WO
2004/072089, p18, example 9; WO 2007/109907 A1 p10-11 and EP 1 819 005 A1,
p3-5.

In a particular embodiment the organic cation M comprises at least one charged
atomi.e. N*, C*, P*, S* and/or combinations thereof. For example, the organic cation
may consist of at least one quaternary nitrogen or phosphorus, ternary sulfur, a
carbocation and/or combinations thereof.

More particularly M is an organic cation with a formula selected from the group
consisting of
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Wherein the substituents R are the same or different and are

(i) selected from the group consisting of:
Ci-Cso alkyl, C4-Cso alkoxy, C4-Cs alkyl sulphide, Cs-Cy» cycloalkyl, C+-Cis
heterocyclyl, C.-Cs alkenyl, C,-Cs alkynyl, Cs-Ci> aryl, Ci-Ci» heteroaryl,
alkylaryl, alkylheteroaryl, alkylcyclyl, alkylheterocyclyl,

PhoP(O)-, PhyP-, Me,P(O)-, MesP-, PhyP(S)-, MesP(S)-, PhsP=N-, Me;P=N-,
FSO.CFy—, CISO(CFz),—, HSO;(CFz)—, HCO(CFz):—, FSONHSO,(CF2).—,
CF3SONHSOL(CF2)—, G, F2n1SONHSOL(CF,),— FSO,(CF,)—, CISO,(CF,).— ,
CiF2n1SO.NH (CF»),—, -OH, -F, -Cl, -Br, -1, -CN, -NO,, -SO;H and C-C¢ hydroxy
alkyl,
Wherein n is an integer having a value from 1 to 48

Or

(i) R is part of a polymer chain, linear, branched or cross-linked,

And wherein two adjacent substituents R may be linked to each other pairwise to

form polycyclic ring systems.

The term "aryl" as used herein refers to a cyclic or polycyclic aromatic ring.

According to one example, the aryl group can be phenyl or naphthyl.
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The term "heteroaryl" as used herein refers to an aromatic cyclic or fused polycyclic
ring system having at least one heteroatom chosen from N, O, and S. Examples
include heteroaryl groups such as furyl, thienyl, pyridyl, quinolinyl, isoquinolinyl,
indolyl, isoindolyl, triazolyl, pyrrolyl, tetrazolyl, imidazolyl, pyrazolyl, oxazolyl,
thiazolyl, benzofuranyl, benzothiophenyl, carbazolyl, benzoxazolyl, pyrimidinyl,
benzimidazolyl, quinoxalinyl, benzothiazolyl, naphthyridiriyl, isoxazolyl, isothiazolyl,

purinyl, quinazolinyl, and so on.

The term "heterocyclyl" includes non-aromatic rings or ring systems that contain at
least one ring having at least one hetero atom (such as nitrogen, oxygen or sulfur).
For example, such a term can include all of the fully saturated and partially
unsaturated derivatives of the above mentioned heteroaryl groups. Examples of
heterocyclic  groups include pyrrolidinyl, tetrahydrofuranyl,  morpholinyl,
thiomorpholinyl, piperidinyl, piperazinyl, thiazolidinyl, isothiazolidinyl, and
imidazolidinyl.

In the context of the present invention the groups C4-Cs, alkyl, C4-Cs, alkoxy and Cs-
Cso alkylsulfide can be linear or branched and optionally halogenated up to the
complete substitution of hydrogen atoms. Examples of C;-Cs alkyl groups are
CiFani1, HC F2o—, CIC,F2—, BrC.Fo—, ICFa—, CF3CH— (CF3),CH—, CCl.F—, CCls—.
Examples of C;-Cso alkoxy groups are C,Fzn,10O—, HCF2,0— CIC,F2,0—, BrC,F5,0—,
IC,F2nO—, CF3;CHO-, (CF;3),CHO-, CCIL,FO-, CCI;0-. Examples of C;-Cs alkyl
sulphide groups are C.F2.,1S—, HC.F2.S— CICFsS—, BrC.FzS—, ICF2nS—,
CF3CH,S—, (CF3),CHS—, CCl.FS—, CCl;S—.

In the context of the invention the C,-Cg alkenyl group presents at least a double
bond, an example being allyl group; the C»-Cs alkynyl group presents at least a triple
bond, for example propargyl group. Examples of Cs-Ci» cycloalky are cyclopropyl,
cyclobutyl, and cyclohexyl.

According to the invention an alkylaryl group is a group which alkyl component has
from 1 to 48 carbon atoms and the aryl component has from 6 to 30 carbon atoms,
for example: toluenyl
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An alkylheteroaryl group is a group which alkyl component has from 1 to 48 carbon
atoms and the heteroaryl component has from 6 to 30 carbon atoms, for example:
ethyl pyridyl.

An alkylcyclyl group is a group which alkyl component has from 1 to 48 carbon
atoms and the cyclyl component has from 6 to 30 carbon atoms, for example:
methylcyclopentyl.

An alkylheterocyclyl group is a group which alkyl component has from 1 to 48
carbon atoms and the heterocyclyl component has from 6 to 30 carbon atoms, for
example: methyltetrahydropyranyl.

According to the invention the groups Cs-C, cycloalkyl, C;-C4, heterocyclyl, C,-Cq
alkenyl, C,-Cg alkynyl, Cs-Cy, aryl, C4-Cy, heteroaryl, alkylaryl, alkylheteroaryl,
alkylcyclyl and alkylheterocyclyl are optionally substituted with one or more
substituents such as for example: FSO,CF.—, CISO(CF,),—, FSO,NHSO,(CF,).—,
CF3SO.NHSO,(CFy)i—, CrF2.,1SONHSOL(CF,).— FSOL(CFy),—, CISO,(CFy).— ,
CiF2..1SO:NH (CFy),—, -OH, -F, -Cl, -Br, -I, -CN, -NO,, SOz;H, and C;-Cs hydroxy
alkyl.

As stated above each R same or different can be part of a polymer chain, linear,
branched or cross-linked. Such polymer can be of synthetic origin, such as
polyethylenes, polyacrylates, polymethacrylates, polyesters, polyamides,
polyolefins, polyethers, silicones, among others, or of natural origin, such as
polypeptides, polysaccharides, proteins, DNAs, or their copolymers.

The electrolyte of the present invention can optionally contain at least one solvent.
The solvent may be any compound capable of dissolving the redox couple, and it
may be suitably selected from the group consisting of organic solvents, water and
their mixtures. Examples of organic solvents are for instance, nitrile compounds
such as acetonitrile, methoxyacetonitrile, valeronitrile, 3-methoxypropionitrile;
lactone compounds such as butyrolactone, valerolactone; carbonate compounds

such as ethylene carbonate, propylene carbonate; ethers such as dioxane, ethylene
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glycol dialkyl ethers; alcohols such as methanol, ethanol; dimethylformamide,
CH.CI,, toluene, ureas, such as tetramethylurea.

In a particular embodiment the organic solvents are preferably water-free.

In a particular embodiment the electrolyte of the invention further comprises a low
temperature-ionic liquid, which is a salt, comprising a cation and an anion, such as
for instance: (FSO,):N, (CF3SO,):N, (CoFsSO.)N, (CF3S0,);C, CF3;SOg,
CF;COO, AsFg, CH;COO", (CN).N,(CN);C', NOs, F, CI, Br, I, PFg, BF,, CIO,,
SCN', and mixtures thereof. The cation of the further low tempearauture ionic liquid
can be selected from the group consisting of the organic cations M disclosed above.

In a particular embodiment, the cation of the further low temperature- ionic liquid
may be pyridinium, imidazolium, dialkylimidazolium, trialkylimidazolium,
dialkylpyrrolidinium, mono or dialkylpyridinium, trialkylsulfonium, oxazolium,
thiazolium, oxadiazolium, triazolium, piperidinium, pyrazolium, pyrimidinium,
pyrazinium, triazinium, phosphonium, sulfonium, carbazolium, indolium and their
derivatives, quaternary amines (such as C;-C, tetraalkylammonium) and
quaternary phosphonium (such as Ci-Cy tetraalkylphosphonium or Cg-Cis

tetraarylphosphonium).

Preferred cations of the further low temperature ionic liquid are imidazolium ions
substituted with 1, 2, 3, 4 or 5 C1-C6-alkyl groups, preferably, the imidazolium ion is
substituted twice, at the C1 and the C3 position. Examples of further ionic liquids
can be taken from the literature. For example, the cations of the molten salts
disclosed in EP 1180774A2 (page 22, line 10 to page 29, line 16) are expressly
incorporated herein by reference. As used herein the further low temperature-ionic
liquid is at room temperature an ionic liquid, meaning that it has a melting point at or
below 25°C.

The electrolyte of the invention may optionally comprise a solvent in an amount
comprised between 0% and 99.9 wit%, preferably between 5.0% to 95.0 wit%.
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According to a particular embodiment the electrolyte of the invention further
comprises a polymer as a gelling agent, wherein the polymer is for example
polyvinylidenefluoride, polyvinylidenelfuoride co-polymers, nafion, polyethylene
oxide, polypropylene oxide, polymethylmethacrylate, polyacrylonitrile,
polyvinylpyrrolidone, polyaniline, polypyrrole, polythiophene or their derivatives. The
addition of polymers to the electrolyte is focused on producing quasi- or semi-solid
composition of the electrolyte for improving the solvent retention and thus increased
durability of solar cells.

The electrolyte of the present invention may further include inorganic nanoparticles
like TiO,, SiO,, Al,O3, MgO, Zn0O, ZnS, CdS, for example, which are also capable of

enhancing solvent retention.

The electrolyte of the present invention can comprise also other
chalcogen/chalcogenides different than S/S?, selected from the group consisting of
Se/Se*, Te/Te” and mixtures thereof.

In a preferred embodiment of the present invention, the electrochemical and/or
optoelectronic device of the invention is a photovoltaic cell, a light emitting device, a
battery, an electrochromic device or electrochemical (bio)sensor.

In another preferred embodiment of the present invention, the device is a
semiconductor sensitised solar cell. An example of the later is disclosed in US
6,861,722.

Yet in another preferred embodiment of the present invention, the device is a dye
sensitised solar cell. Examples are disclosed in EP 0 986 079 A2, EP 1 507 307 A1
and EP 1 819 005 A1.

Yet another preferred embodiment of the present invention, the device is a
combination of semiconductor and dye sensitised solar cell. An example of the later
is disclosed in [l. Mora-Sero et al. Thin Solid Films, 2008, 516, 6994. H.C. Leventis
et al. Energy & Environmental Science, 2009, 2, 1176].
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According to a preferred embodiment, in case when the device of the present
invention is a solar cell, it encompasses a semiconductor, the electrolyte of the
present invention and a counter electrode. A preferred embodiment of the invention
regarding the semiconductor includes the materials like Si, CdS, ZnO, TiO,, SnO,,
WO;, ZnS, CdSe, GaP, GaAs, CdTe, Fe 03, CulnS,, CulnSe,, and mixtures thereof.
The preferred form of semiconductor surface is mesoporous or microporous, in a
form selected from nanowires, nanotubes and mixtures thereof, thus immensely
increasing the surface optionally covered with a sensitiser selected from a dye, a
semiconductor (quantum dots or thin films) and the their combination and in contact
with the electrolyte. The semiconductor is attached preferably on a conductive glass
substrate or conductive plastic substrate or a metal foil.

A necessary part of the device of the present invention is a counter electrode. It may
be, for example, fluorine doped SnO, or indium doped SnO, on glass or plastic
substrate, optionally coated with Pt or carbon or PEDOT or other conducting
polymer selected from polypyrrole, polythiophene or polyaniline or their derivates.
The sensitised semiconductor material serves as a photoanode, whereas the
counter electrode is a cathode.

Examples:

Example 1: Synthesis of the ionic liquid with the formula 2:

In a 100 ml round bottom two necked flask 30 ml of acetone was parched with an
inert gas in order to remove the dissolved oxygen. Then 5.07 g (29 mmol) of 1-butyl-
3-methylimidazolium chloride (Green solutions) was introduced with constant
stirring. To this solution 4.15 g of Na,S x 9H.O (32 mmol) was added slowly in
several portions. The mixture was vigorously stirred, equipped with a condenser and
slowly heated to a reflux temperature. It was then refluxed for 12 hours in order for
the anion exchange to complete. When the exchange was complete a 2 phase
system was observed comprised of a slightly yellow liquid and a white precipitate.
The precipitate was filtered away and the solution was isolated in vacuo. 3.9 g (78
%) of 1-butyl-3-methylimidazolium hydrogensulfide was obtained.

Example 2: Synthesis of the ionic liquid with the formula 1:
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2 g of the ionic liquid from the example 1 was placed in a 10 ml round bottom flask
and parched with inert gas for approximately 30 minutes. Then it was connected
with a vacuum pump and slowly heated to 80 °C. It was kept under these conditions
for 72 hours. 1.12 g (89 %) of bis-(1-butyl-3-methylimidazolium) sulfide was

collected.

Example 3: Preparation of the redox electrolyte
To 1 g (3.22 mmol) of bis-(1-butyl-3-methylimidazolium) sulfide an equimolar

amount 0.103 g of elemental sulfur was added. Sulfur slowly dissolved and the
solution turned brown because of the formation of polysulfides depicted in Raman

and UV-vis spectra.

It was found that such compositions are very useful as redox electrolytes. The redox

couple are according to scheme 1 and scheme 2:

M2+ Sg_QXJ.d.aII.O_D_>< M2+ Sn2—
reduction

Scheme 1

M+ Hs—:—OX-lda-t-l-On—b M+ HSn—

reduction

Scheme 2

Example 4: Cyclic voltammetry

In Figure 1, there is shown a cyclic voltammogram of a 1:1 molar mixture of bis-(1-
butyl-3-methylimidazolium) sulfide and sulfur. A 3 electrode system was used
consisting of Pt wires as working and counter electrodes, respectively, and a

Ag/Ag,S reference electrode.

Example 5: Raman spectroscopy

In Figure 2, there is shown Raman spectra of bis-(1-butyl-3-methylimidazolium)
sulfide (below) and its 1:1 mixture with sulfur (above). Peaks at 399 and 435 cm™

depict polysulfide species.
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Example 6: UV-vis spectroscopy

In Figure 3, there is shown the UV-vis spectra of the same system as in Figure 2 (a:
pure ionic liquid; b: mixture with sulfur) confirm the formation of polysulfide species.

Example 7: Test of electrolyte in semiconductor sensitised solar cell

Electrolyte has been tested in a Semiconductor Sensitised Solar Cell (SSSC) using
CdSe as light absorbing material. To prepare the cell a compact film of TiO,
(thickness ~ 100-200 nm) was deposited by spray pyrolisis of titanium(lV)
bis(acetoacetonate) di(isopropanoxylate) (Sigma Aldrich) onto the SnO,:F (FTO)
coated glass electrodes (Pilkington TEC15, 15 Q/sq resistance). The FTO
electrodes were kept at 400 °C during spraying, thus leaving behind a compact film
of TiO,. Subsequently, the coated substrate was fired at 450 °C for 30 min. A
commercial 20-450 nm particle size TiO, paste (18NR-AO, Dyesol, Queanbeyan,
Australia) was deposited on top of the TiO, compact film. Around 0.24 cm? TiO;
films were deposited by doctor blade and subsequently sintered at 450 °C for 30 min
in a muffle-type furnace. The thickness of the sintered TiO, films was approximately
10 ym measured by a profilometer Dektack 6 from Veeco. The TiO, photoanodes
were sensitised with CdSe by chemical bath deposition (CBD) [S. Gorer et al., J.
Phys. Chem. 1994, 98, 5338]. Firstly, as the Se source, an 80mM sodium
selenosulphate (Na,SeSOs) solution was prepared by dissolving elemental Se
powder in a 200mM Na,SO; solution. Secondly, 80mM CdSO, and 120mM
trisodium salt of nitrilotriacetic acid (N(CH.COONa);) were mixed in a volume ratio
1:1. Finally, both solutions were mixed in a volume ratio 1:2. The TiO, electrodes
were placed in the dark in a glass container filled with the final solution for 30 hours
deposition time. All the electrodes were coated with ZnS by twice dipping alternately
into 0.1M Zn(CH3COO), and 0.1M Na,S solutions for 1 min/dip, rinsing with Milli-Q
ultrapure water between dips. The solar cells were prepared by sealing the counter
electrode and the semiconductor-sensitised FTO/TIO, electrode wusing a
thermoplastic spacer (DuPont™ Surlyn® 1702, thickness 25 um).with a droplet (10
ul) of electrolyte, 1:1 molar mixture of bis-(1-butyl-3-methylimidazolium) sulfide and
sulfur. Thermally platinized FTO has been used as counter electrode.

In Figure 4, there is shown a current-voltage curve of a semiconductor sensitised

solar cell using as electrolyte 1:1 molar mixture of bis-(1-butyl-3-methylimidazolium)
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sulfide and sulphur. lllumination 1 sun, AM 1.5 G. Solar cell efficiency: 0.71%,
FF=0.44, Jo.= 3.96 mA/cm?, V,.=0.405 V.

In Figure 5, there is shown the time dependence of open circuit voltage, V..., taken
at different times after cell assembling. lllumination (1 sun, 1.5 AM G) on-off cycles.

In Figure 6, there is shown the time dependence of short circuit current, |, taken at
different times after cell assembling. lllumination (1 sun, 1.5 AM G) on-off cycles for
sample just assembled.
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CLAIMS

1. An ionic liquid based redox electrolyte comprising a compound of a formula
selected from:
5 Formula 1: MzS/M,S,, (Mz* SZ/M,* S,.%),
Formula 2: MHS/MHS,, (M" HS/M* HS,)
and mixtures thereof, where M is an organic cation.

2. An ionic liquid based redox electrolyte according to claim 1, where M bears at

10 least one positive charge.

3. An ionic liquid based redox electrolyte according to claim 1 or 2, where M
comprises at least one charged atom selected from the group consisting of N*, C*,
P*, S* and combinations thereof.

15
4. An ionic liquid based redox electrolyte according to anyone of claims 1 to 3,
where M is an organic cation with a formula selected from the group consisting of:
\
R
N R R
R AN R \ \ \
o N=R JPER S-R
=N, R™ R R™ R R
R R
R\_
R R R R A \_/
R—N" R R N R Nz —
) R R ol -5
e \ 7/
TN R R R R
R R \ |/
R
20 wherein the substituents R are the same or different and are

(i) selected from the group consisting of:
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C1-Cap alkyl, C;-Cso alkoxy, C4-Cs, alkyl sulphide, Cs-Cy, cycloalkyl, C4-Cy;
heterocyclyl, C.-Cs alkenyl, C,-Cg alkynyl, Cs-Ci, aryl, C4-Cy» heteroaryl,
alkylaryl, alkylheteroaryl, alkylcyclyl, alkylheterocyclyl,

PhoP(O)-, PhoP-, MesP(O)-, MesP-, PhoP(S)-, MesP(S)-, PhsP=N-, Me;P=N-,
FSO.CF.—, CISO,(CFy)—, HSO3(CF2)r—, HCOL(CF2)—, FSONHSO,(CF5).—,
CF3SO.NHSO,(CF2)—, CnF2n1SONHSO(CF2) - FSO(CF2)r—,
CISO,(CF2)n—, CiF2n 1SONH (CFy),—, -OH, -F, -Cl, -Br, -1, -CN, -NO,, -SO;H
and C;-Cg hydroxy alkyl,

Wherein n is an integer having a value from 1 to 48

Or

(i) R is part of a polymer chain, linear, branched or cross-linked,

And wherein two adjacent substituents R may be linked to each other
pairwise to form a polycyclic ring system.

5. An ionic liquid based redox electrolyte according to anyone of claims 1 to 4 further

comprising a solvent.

6. An ionic liquid based redox electrolyte according to anyone of claims 1 to 5 further
comprising a low temperature-ionic liquid salt where the cation is as defined in
claims 1 to 4 and the anion is selected from the group consisting of (FSO.).N,
(CF3S02)2N, (CoFsS0O2)N, (CF3S0,):C, CF3SOs, CFCOO, AsFs, CH;COO,
(CN)N",(CN)sC’, NOs, 2.3HF, CI, Br, I, PFs, BF,, ClIO,, SCN’, and mixtures
thereof.

7. An ionic liquid based redox electrolyte according to claim 6 further where the
cation is selected from the group of pyridinium, imidazolium, dialkylimidazolium,
trialkylimidazolium, dialkylpyrrolidinium, mono or dialkylpyridinium, trialkylsulfonium,
oxazolium, thiazolium, oxadiazolium, triazolium, piperidinium, pyrazolium,
pyrimidinium, pyrazinium, triazinium, phosphonium, sulfonium, carbazolium,

indolium and their derivatives, quaternary amines and quaternary phosphonium.
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8. An ionic liquid based redox electrolyte according to anyone of claims 6 or 7 where
the cation of the further ionic is imidazolium substituted with 1, 2, 3, 4 or 5 C1-Cé6-
alkyl groups.

9. An ionic liquid based redox electrolyte according to anyone of claims 1 to 8 further
comprising a polymer as a gelling agent.

10. An ionic liquid based redox electrolyte according to anyone of claims 1 to 9
further comprising inorganic nanoparticles selected from SiO,, TiO,, Al,O3;, MgO,
Zn0, ZnS, CdS and their mixtures.

11. An ionic liquid based redox electrolyte according to anyone of claims 1 to 10,
further comprising a chalcogen/chalcogenide selected from Se/Se”, Te/Te* and

mixtures thereof.

12. Use of the ionic liquid based redox electrolyte according to anyone of the
preceding claims in a device selected from an electrochemical, optoelectronic and
electrochemical and optoelectronic device.

13. A electrochemical and/or optoelectronic device comprising ionic the liquid based
redox electrolyte according to anyone of claims 1 to 11.

14. A electrochemical and/or optoelectronic device according to claim 13, selected
from a photovoltaic cell, a light emitting device, a battery, an electrochromic device
and electrochemical (bio)sensor.

15. A electrochemical and/or optoelectronic device according to claim 13 or 14 said
device being a semiconductor sensitised solar cell, a dye sensitised solar cell or a
semiconductor and dye sensitised solar cell.
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