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ORGANIC FLOW CELL BATTERIES AND MATERIALS FOR USE IN SAME

FIELD OF INVENTION

[0001] The present invention relates to organic flow cell batteries and materials for use in
organic flow cell batteries. In particular the invention provides examples of organic redox
materials for use in flow cell batteries as substitutes for toxic and/or expensive inorganic

redox materials such as vanadium salts or bromine.

BACKGROUND OF THE INVENTION

[0002] Redox flow cells are secondary batteries in which all electrochemical components
are dissolved in the electrolyte.

[0003] The energy capacity of the redox flow cell is independent of its power, as the
energy available only depends on the electrolyte volume (amount of liquid electrolyte),
whereas the power depends on the surface area of the electrodes.

[0004] A well-established example is the vanadium redox flow battery, which contains
redox couples entirely based on vanadium cations (see Fig. 1). Typical performance data

are shown in Tab. 1:

Specific Energy 10-20 Wh/kg (36-72 J/g)
Energy Density 15-25 Wh/L (54- 65 kJ/L)
Charge/Discharge Efficiency | 75-80%<

Time Durability ,,,, 10-20 years

Cycle Durability ‘| >10,000 cycles

Nominal Cell Voltage 1.15-1.55V

Tab. 1: Vanadium redox battery performance.

[0005] The following half-cell reactions occur in all-vanadium flow cells:

" R charge . .
V¥i+ee TV (anode side)
) discharge
o .. —charge . . _
VO© +H,0-¢ W VO, +2H (cathode side)

[0006] Although the vanadium redox flow battery is well established, there are a wide
range of less commonly used inorganic flow cell chemistries, including the polysulfide-
bromide battery (PSB):
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3Br -2e Cha& Br, (cathode side)
discharge
charge

S +2e % 28,7 (anode side)
[0007] The wide-scale utilization of flow batteries is presently limited by the availability
and cost of the redox materials, in particular those that are based on redox-active
transition metals such as vanadium, and/or require precious-metal electrocatalysts.
[0008] A metal-free organic—inorganic aqueous flow battery which combines a
quinone/hydroquinone redox couple with a Bry/Br redox couple has been recently
proposed by Huskinson et al., Nature 505, 195-198. Herein, bromine is used herein as
oxidiser, in combination with the reduced (hydroquinone) form of 9,10-anthraquinone-2,7-
disulphonic acid acting as reductant.
[0009] However, the toxicity of inorganic redox materials such as vanadium salts or
bromine limits the applicability of flow batteries for energy storage in the context of
distributed, modular energy generation technologies that use (intermittent) "green power"
such as wind, photovoltaic, or hydroelectric power.
[0010] In view of the above, the development of new organic redox materials, which offer
the prospects of low material costs and reduced toxicity of the energy storage materials
would be desirable.
[0011] The simplest form of a battery requires a single-electron redox process on both
sides of an ion-permeable membrane. This can also be done with organic molecules
through the use of stabilised radicals, but in general organic radicals are either relatively
chemically reactive or require so much stabilisation that it is difficult to generate the high
redox potentials required for a significant cell voltage.
[0012] While single-electron transfer materials (e.g. triazine) have been considered, they
involve limitations in that they only comprise one electron per molecule.
[0013] Molecules such as the quinones have two electron transfers and can therefore
have twice the energy density (per mass/volume/cost). Moreover, two-electron processes
prevent the necessity of forming unpaired electrons (radicals) in organic molecules, and
can readily be accommodated by changing the o- and m-bonds into a different oxidation
state. Two-electron processes can therefore be advantageous for enhancing both the
stability and the cell potential of a battery system.
[0014] To achieve high potentials it is desired that the charged battery should contain a
reduced compound and an oxidised compound that are both relatively reactive compared
to the uncharged system. It is this electrochemical reaction between the two materials that
drives the battery process and the flow of electrons around the external circuit. As long as
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side reactions do not occur that reduce the lifetime of the compounds, it is preferable to
have the highest compound reactivity possible to thereby enable the highest cell potential.
[0015] One solution is to take two similar moieties — for example, two different quinones
(see e.g. WO 2014/052682 A2) — that have different redox potentials. However, this
process makes it difficult to produce high cell potentials due to the relative similarity of the
compounds — within one class it is unlikely that both the oxidised form of one and the
reduced form of the other will have high reactivity. Therefore, the generally preferred
approach is to optimise both molecules independently to achieve the desired high
reactivity.

[0016] However, leakage of the redox materials through the separator membrane has
been identified as being a cause of device degradation, as the available volume of redox
active material is slowly reduced and there is also the potential for unwanted reactions to
occur between the different redox active materials.

[0017] In view of the above, there remains a need for novel organic electroactive redox
materials which are readily available and exhibit reduced toxicity and excellent energy
density. Moreover, it is desirable to provide organic flow cell batteries that have a high
operating potential, high cell output voltage, long lifetime and that may be produced at

favourably low costs.

SUMMARY OF THE INVENTION

[0018] The present invention solves this object with the subject matter of the claims as
defined herein. The advantages of the present invention will be further explained in detail
in the section below and further advantages will become apparent to the skilled artisan
upon consideration of the invention disclosure.

[0019] In its most general form, the present invention relates to an organic flow .cell
battery having a material comprising an organic molecule that can be used as the
electroactive redox material for both electrodes of the battery. By enabling two-electron
processes both of the oxidation and reduction to occur in a single molecule, a total of 4-
electron transitions is achieved, which allows the organic molecule to be used on both
sides of the separator, reducing material costs and allowing the battery to be charge in
either direction with equal ease.

[0020] Preferred embodiments of the organic flow cell battery according to the present
invention and other aspects of the present invention are described in the following

description and the claims.
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BRIEF DESCRIPTION OF THE DRAWING

[0021] FIG. 1 schematically illustrates the configuration of a conventional all-vanadium

flow cell.
DETAILED DESCRIPTION OF THE INVENTION

[0022] For a more complete understanding of the present invention, reference is now
made to the following description:

[0023] The present invention has been made upon studying two-electron processes which
prevent the necessity of forming unpaired electrons (radicals) in organic molecules, and
can readily be accommodated by changing the o- and m-bonds into a different oxidation
state and can therefore be advantageous for enhancing both the stability and the cell
potential of a battery system.

[0024] One requirement of any battery system is for an ion to pass through the separating
membrane to compensate for the electron movement through the external circuit. lons can
be positive or negative, but some of the most common include H*, Li*, Na*, Mg*.
Coordination of these ions can be used to stabilise the organic molecules, particularly in
their reduced states. This is particularly helped when atoms that enhance this coordination
are available — typical atoms include O, N, S but can also include P, Se, Te and others.
[0025] Typical organic redox processes can then take place, as for example in the classic

anthraquinone reduction-oxidation:

0O OX
QT 2z (I
o OoX

[0026] In this case, O is used as the binding atom and X is typically H or Li. Li is a more
reactive system and generally requires a non-protic solvent, but this process allows higher
voltages (>1.5V) to be achieved without the risk of the H* ¢-->H, reduction taking place.

[0027] To achieve high potentials it is desired that the charged battery should contain a
reduced compound and an oxidised compound that are both relatively reactive compared
to the uncharged system. It is this electrochemical reaction between the two materials that
drives the battery process and the flow of electrons around the external circuit. As long as
side reactions do not occur that reduce the lifetime of the compounds, it is preferable to
have the highest compound reactivity possible to thereby enable the highest cell potential.



10

15

20

25

WO 2016/102069 PCT/EP2015/002607

[0028] One approach to increasing chemical potential (reactivity) is to remove aromatic
stabilisation energy in the more reactive form. This is seen with the quinone compound
class where the oxidised species of the redox pair is the more chemically reactive as it
does not have the aromatic stabilisation.

O OoX

+2e + 2X*

0] OoX
[0029] It can be noted that this reactivity in the oxidised form is achieved by having the
C=0 bonds attached directly to the aromatic ring.
[0030] Similar methods can be used to achieve higher reactivity with reduced species,
though in this case C=0 need to be attached in the benzylic positions:

O
Oy 2z (T
\O OX

[0031] Combining both of these reactions together achieves a relatively large cell output

voltage:

O OoX
x O\@j + —_— o\\_®_\ +
OoX \O
O OoX

[0032] In this case both of the more reactive non-aromatic compounds are on the left in
the ‘charged’ form of the battery, with the less reactive ‘non-charged’ forms on the right.
[0033] However, as has been explained above, the use of two different classes of redox
active organic materials in so-called asyhmetrical flow cell batteries involves
disadvantages, such as e.g. device degradation by leakage through the separator
membrane.

[0034] The present invention overcomes these obstacles by providing an organic flow cell
battery, wherein an organic molecule may be used as the electroactive redox material for
both electrodes of the battery, i.e. a symmetrical flow cell battery.

[0035] The use of the same material on both sides of the separating membrane enables
advantageé in terms of cost and battery lifetime.

[0036] The organic molecules used in the organic flow cell battery of the present invention
are generally characterised in that can be used as both the redox materials at the same
time, by having 2 x 2-electron redox processes enabled within the same molecule. By
having 2 x 2-electron oxidation or reduction processes, wherein both the oxidised and
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reduced states are relatively electrochemically reactive with respect to the neutral ground
state, batteries with higher operating potential may be achieved.

[0037] The organic molecules are preferably designed to be stable in the central redox
state so both the oxidised and reduced forms are higher in energy — thus generating a
higher operating voltage.

[0038] In particular, it is preferable that the oxidised and reduced forms are both
electrochemically reactive, but the central ‘neutral’ state is not. This allows the same
compound to be used on both sides of the separator, reducing material costs (since only
one material needs to be used in the manufacture, for example) and allowing the battery
to be charge in either diréction with equal ease. +Hjdfgdfgdfg

[0039] These materials provide improved stability and safety: In an asymmetric flow
battery, in the event of any of the redox molecules migrating through the separator
membrane there could be chemical incompatibility between the two molecules that could
lead to reactions that reduce the safety and/or effectiveness of the battery system - for
example by reducing the charge storage ability. These issues are substantially removed
by the use of a symmetric battery with the same material for both redox materials. Any
material leakage that does occur through the membrane would, in an asymmetric device,
reduce the volume of available active material, but in this invention the battery can be
charged periodically in the opposite direction so that any leakage effects are reversed,
thus prolonging the battery’s useful lifetime.

[0040] Molecules can be chosen to have these desired redox characteristics — some

examples are given in the table below:

Oxidised Neutral Reduced
0] >|( OoX >|(
N N
CL~10 | 010
> N
X O X XO
Dehydroindigo Indigo (X=H) Leucoindigo
: O )‘( 0O
R. Nx R. N R
0] @) X
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etc.

O O . X
o 2o o o
R R
5 R R R—’ SN—r
o O o J
X2

X, is a divalent ion e.g.
Mg, although a monovalent
ion could also still be
effective

[0041] The core units (active molecules) shown in the above table can be unsubstituted or
substituted with solubilizing groups. As examples of solubilizing groups, sulfonate groups,
linear or branched C;-C¢ alkyl groups, linear or branched C,-Cs halogenoalkyl groups and
linear or branched C;-Cs alkoxy groups may be mentioned. Preferably, the solubilizing
group is a sulfonate group.

[0042] In the core units listed above, R is selected from any one of a substituted or
unsubstituted C4-C;, alkyl group or a substituted or unsubstituted aryl group. In case the
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groups are substituted, the substituent is preferably selected from a halogen, a C4-Cs alkyl
group, or a C¢-Cy, aryl group. As examples of unsubstituted C,-C42 alkyl groups or an
unsubstituted aryl group, methyl, n-butyl, and phenyl groups may be mentioned.
[0043] The generic X in the above table denotes a proton, a tetraalkylammonium ion, an
alkali metal ion, or an alkaline earth metal ions. Preferably, X is any one selected from the
group consisting of H*, Li*, Na*, or Mg?".
[0044] In a preferred embodiment, X is Li*, used in combination with a non-protic solvent,
which allows higher voltages (>1.5V) to be achieved.
[0045] Preferably the core units do not comprise pyrazine-based cyanoazacarbons.
[0048] A preferred exahple organic molecule constituting the electroactive redox material
is the molecule indigo and its substituents, that can be reduced to leucoindigo or oxidised
to dehydroindigo, along with corresponding movements of ions (H*, Li*, Na* etc.) and
electrons.
[0047] The present electrical storage device preferably uses a single ion-transporting
membrane. As an alternative, two ion transporting membranes with a reservoir of
electrolyte in between could be used, as is described in US 8,080,327.
[0048] Rather than being uncharged in its central ‘relaxed’ redox state, the molecule in
the present invention is already partially charged and already has counter-charges (either
coordinating such as H* or Li* or non-coordinating such as R{N"). These same ions can
then move from the cathode side to the anode side as the battery is charged, in an
electrically driven'disproportionation process, for example:

2 MLi, 2 M (cathode) + 2 MLi, (anode)
where M is the organic molecule in question.
[0049] It is important to note that the molecule needs to be carefully selected to ensure

that both oxidation and reduction processes are energetically demanding, and can
therefore provide an effectively high potential difference when charged.

[0050] Methods to improve the chemical stability of the system (as opposed to the
electrochemically desired reactions) can include: a) the use of substitutions to affect the
steric and/or electronic reactivity, and b) choice of different electroactive groups. For
example, the carbonyls illustrated above could be replaced with cyclic or non-cyclic imines
or other hetero-nitrogen compounds.

[0051] Increasing the solubility of the molecules can increase the working concentration of
the active material, reducing solvent costs and increasing the energy density per unit
volume/weight. Depending on the molecules, solvents and electrolytes being considered,
various different solubilising groups can be added to the active molecule to increase the
solubility in all of the required oxidation states. Alkyl groups, whether straight-chained or
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branched, can enable solubilisation in less-polar solvents such as xylene, while adding
more polar functionalities such as ether, polyether or ester groups can increase the
solubility in higher polarity solvents. Where possible, the simplest possible solubilising
group (if any) would be used so as to minimise the costs of the battery system.

[0052] For an effective battery technology, the precise molecules along with their
substitutiohs should be chosen so as to reduce the unwanted side reactions below what
would affect the desired battery lifetime.

[0053] In a preferred embodiment, the 6rganic molecule constituting the electroactive
redox material is not a quinone.

[0054] The electrolyte used in the organic flow cell battery of the present invention is not
particularly limited as long as it is electrochemically stable under operating conditions and
has a electrochemical window within the operating voltage range. As typical examples,
organic electrolytes such as tetraethylammonium hexafluorophosphate or inorganic
electrolytes such as sodium chloride may be mentioned, depending on the solvent being
used and the electrochemical window. Further possibilities include the use of known ionic
liquids. As an example of the latter, N-methyl-N-butylpyrrolidonium
bis(trifluoromethylsulfonyl)imide may be mentioned.

[0055] Electrode materials can be made from any conducting material that is chemically
and electrochemically stable under the operating conditions. The surface of the electrode
is all that needs to have this stability, and the electrode can be made of more than one
material as long as any incompatible materials are thoroughly covered by the inert
conducting material. Examples of inert materials include materials such as gold, platinum
or carbon.

[0056] The separator materials may likewise be suitably chosen by the skilled artisan from
separator materials known in the art as long as they are fully inert to the environment and
do not, for example, dissolve in the solvent or electrolyte. As examples for a separator
material, ion-conductive membranes may be mentioned, of which Nafion is a well-known
example for transporting protons. However, the separator membranes which may be used
in the present invention are not only limited to ion-conductive material but may also
include highly porous membranes, such as cellulose-based separator membranes.

[0057] The present invention provides different possibilities for tuning the organic flow cell
battery depending on the desired purpose.

[0058] For example, the flow cell battery may be configured so as to reduce its production
costs while still maintaining a good efficiency.

[0059] In this context, the separator membrane has been identified as a key material as it
defines the performance and economic viability of the redox flow cell batteries, particularly
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as it may contribute to a large portion of the overall battery system costs. In asymmetric
devices, the choice and quality of the separator membrane is crucial under aspects of
battery efficiency and lifetime (i.e. leakage prevention).
[0060] Advantageously, by using the same material for both redox active components the
present invention allows a much wider choice of membrane materials. For example, it is
not necessary to use an ion-selective membrane in order to achieve a satisfactory device
performance, but it may be sufficient to use a low-cost porous separator membrane. For
example, by adjusting a relatively high flow rate and ensuring that the discharge onto the
electrode is faster than the diffusion rate through the separator, inexpensive microporous
or even porous filter paper may be used without severely impairing the device efficiency.
[0061] As a preferred inexpensive example of an indigo derivative which may be used as
the organic molecule constituting the electroactive redox material, indigo-5,5'-disulfonic
acid disodium salt (indigo carmine) may be mentioned, a commercially available water-
soluble food dye:

O

: 0]
NaO-§ H
ST = 1L
N S-ONa
0 5
[0062] In combination with an aqueous electrolyte comprising an inexpensive salt (e.g.
sodium chloride) and a weak acid for proton conductivity, an organic redox flow cell
battery may be manufactured extremely cost-effectively.

[0063] Given the above disclosure, many other features, modifications, and improvements

will become apparent to the skilled artisan.
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be used as the electroactive redox material for both electrodes of the battery.

2. The organic flow cell battery according to claim 1, wherein the electroactive redox
material consists of the organic molecule, the organic molecule being present in the
organic flow cell battery in three different oxidation states.

3. The organic flow cell battery according to any of claims 1 or 2, wherein both an oxidised
and a reduced state of the organic molecule are relatively electrochemically reactive with

respect to a neutral ground state.

4. The organic flow cell battery according to claim 3, wherein the organic molecule

exhibits one of the following core units:

Oxidised

Neutral

0O

X
N
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wherein X is any one selected from H*, Li* Na" or Mg**,

wherein R is selected from any one of a substituted or unsubstituted C4-C,, alkyl
group or a substituted or unsubstituted aryl group,

wherein the core units may have solubilising groups as further substituents, the
solubilising group being selected from any one of a sulfonate group, a linear or branched
C+-Cs alkyl group, a linear or branched C;-C¢ halogenoalkyl group and a linear or
branched C;-Cg alkoxy group.

5. The organic flow cell battery according to claim 4, wherein the solubilising group is a

sulfonate group.

6. The organic flow cell battery according to any of claims 1 to 5, wherein the organic

molecule in its neutral form is indigo or a derivative thereof.

7. The organic flow cell battery according to any of claims 1 to 5, wherein the organic

molecule in its neutral form is indigo-5,5'-disulfonic acid disodium sait:
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0 o)

NaO—% H
N -
H 4 (lsl) ONa

8. The organic flow cell battery according to any of claims 1 to 6, further comprising a

porous separator membrane.

9. The organic flow cell battery according to claim 7, wherein the porous separator

membrane consists of porous or microporous filter paper.



10

WO 2016/102069 PCT/EP2015/002607

1/1
ACIDC Cormerter Neqg Elecirode Side

Cell

Electrode Membrane

Pump Positive half-cell (discharge)

Wg* + 2H + & — WO +H 0

Sowrpe Sumiomy Electnc Indusines. Lid. (SE1) - Cogyright 2001

Fig. 1



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - drawings

