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(57) Abrégée/Abstract:
The present invention relates to a method for releasing oxygen from an agueous electrolyte solution of a rechargeable redox flow
battery, wherein at least two electrodes (E) are Iin electrically conductive contact with the electrolyte solution, at least one of the
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(57) Abrege(suite)/Abstract(continued):

electrodes (E) Is connected as an anode and at least one of the said electrodes Is connected as a cathode and oxygen (O2) Is
formed on the anode, wherein no hydrogen or not more than 1.5 mol of hydrogen (H2) per 1.0 mol of oxygen (O2) formed is/are
formed on the cathode. The invention further relates to an electrochemical cell comprising at least two electrodes (E), of which at
least one Is connected as a cathode and at least one Is connected as an anode, wherein the electrodes (E) are located In at least
one half-cell of a rechargeable redox flow battery and/or there Is a fluid connection between the electrochemical cell and at least
one half-cell of a rechargeable redox flow battery. The invention further relates to the use of electric current for releasing oxygen
from an electrolyte solution of a rechargeable redox flow battery.
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Abstract

The present invention relates to a method for releasing oxygen from an aqueous
electrolyte solution of a rechargeable redox flow battery, wherein at least two
electrodes (E) are in electrically conductive contact with the electrolyte solution, at
least one of the electrodes (E) is connected as an anode and at least one of the said
electrodes is connected as a cathode and oxygen (O;) is formed on the anode,
wherein no hydrogen or not more than 1.5 mol of hydrogen (H,) per 1.0 mol of oxygen

(O,) formed is/are formed on the cathode.

The invention further relates to an electrochemical cell comprising at least two
electrodes (E), of which at least one is connected as a cathode and at least one Is
connected as an anode, wherein the electrodes (E) are located in at least one half-
cell of a rechargeable redox flow battery and/or there is a fluid connection between
the electrochemical cell and at least one half-cell of a rechargeable redox flow

battery.

The invention further relates to the use of electric current for releasing oxygen from

an electrolyte solution of a rechargeable redox flow battery.
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Method for regenerating the electrolyte solution of a redox flow battery

Electrical energy can be stored by different processes. One possibility Is the
conversion of electrical energy into chemical energy by chemical reactions at
electrode surfaces by electrical current. This type of energy storage is used

extensively in secondary batteries (accumulators) on a large scale.

A secondary battery is an electrochemical cell consisting of two half cells. The two
half-cells are usually separated by an ion-conducting separator. The separator
ensures charge balancing, but prevents the material transfer between the half cells. In
the negative half-cell, a reduction of the active material takes place during the storage
process, and an oxidation takes place in the positive half-cell. Thus, electrons flow
from the positive half-cell into the negative half-cell in the storage process, and in the
opposite direction in the discharge process. In order to allow compensation of the
charge and a movement of the ions, a liquid substance or a substance mixture is
required as the inner conductor in both half cells, referred to as electrolyte. The
electrode is the phase boundary between the electrical conductor and the ionic
conductor. The active material can be the electrode itself, a substance dissolved In

the electrolyte or substances embedded in the electrode material.

If the active material consists of substances dissolved in the electrolyte, then the case
arises that in this type of battery energy and power can be scaled independently of
each other, since the electrolyte can be guided from supply containers past the
electrodes. This type of electrochemical energy storage is called redox flow battery

and includes a positively charged electrolyte component (catholyte) and a negatively

charged electrolyte component (anolyte).

The general battery equations for redox flow batteries are as follows:
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AT+ 7@ o AL ( A_I}o]yte)

K' == K" %+ z¢ (Catholyte)

The full capacity of the redox flow battery is available only as long as equivalent

amounts of anolyte and catholyte are present.

During transport, storage or operation of the battery, a complete exclusion of air can
often not be ensured, and oxidation processes may occur, so that the e'lytes are

shifted toward higher oxidation states, resulting in a loss of capacity.

This problem is known in the art and attempts have been made so far to prevent the
oxidation processes by inertization of the electrolyte solution. For this purpose,
nitrogen, for example, was used as inert gas or inert organic liquids with a lower
density than the electrolyte solution in the storage containers were used in order to
prevent contact of the electrolyte solution with oxygen. Owing to circulation processes
or diffusion processes, however, a contact of the electrolyte solution with oxygen
cannot be completely prevented. Therefore, there is a need for methods in which the

described loss of capacity resulting from the oxidation of the electrolyte can be

reversed.

These and other objects are achieved with the method according to the invention and

with the electrochemical cell according to the invention.

Therefore, the present invention provides a method for oxygen release from an
aqueous electrolyte solution of a redox flow battery, wherein

at least two electrodes (E) are in electrically conductive contact with the electrolytic
solution

at least one of the electrodes (E) is an anode and at least one is connected as a
cathode, and the anode forms oxygen (O), the cathode does not form hydrogen or

forms not more than 1.5 moles of hydrogen (H) per 1.0 mole of formed oxygen (O,).
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It has surprisingly been found that the electrolyte solution of a redox flow battery can

be regenerated by means of electrolysis. For example, the regeneration can be

carried out during the operation of the redox flow battery, for example during the
charging process, without interruptions during operation. A regeneration in the batch
process, for example by separating a part of the electrolyte solution, release of
oxygen according to the method of the present invention, and subsequent
reintroduction into the redox flow battery is also possible. Finally, an electrolyte

solution can be subjected to the process according to the present invention before the

addition to the redox flow battery.

Instead of a complete electrolysis of water, the components of the electrolyte are

reduced instead of any H” ions.

Within the scope of the present invention, the term "redox flow battery"” is used in its
usual meaning. The basic design of a redox flow battery, for example a vanadium-

redox flow battery, is known to a person skilled in the art.

Within the scope of the present invention the term "electrochemical cell” is used for an
electrolysis cell and relates to an arrangement of electrodes which are conductively
connected by an electrolyte. During the circuit continuity through the electrolyte a
chemical change is caused which results in a direct conversion of electrical energy

iInto chemical energy by electrode reactions and ionic migration.

Within the scope of the present invention, the term "electrolyte" is used in its usual

meaning and refers to ion-conducting media whose electrical conductivity is caused

by electrolytic dissociation into ions.

The positive half-cell of the redox flow battery is the part of the galvanic cell of the
redox flow battery, which represents the positive pole of the redox flow battery in

relation to the current drain.

If the term "half-cells" is used in the present application, this refers to the half-cells of
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the galvanic cell of the redox flow battery, unless explicitly referred to the contrary.

Within the scope of the present invention, the term "anolyte” refers to the material of a
redox flow battery, which is directly influenced by the anode during discharging. The

corresponding half cell is the negative half cell.

For the purposes of the present invention, the term "catholyte” refers to the material of
a redox flow battery which is directly influenced by the cathode during discharging.

The corresponding half cell is the positive half cell.

"Circulation" or "circulation of the redox flow battery”, etc. denotes one of the two
separate circuits of the redox flow battery. These circuits are separated by a

membrane in the galvanic cell of the redox flow battery.

Accordingly, there is the circulation of the positive halif cell and the circulation of the

negative half cell.

As described above, the capacity of a redox flow battery is determined by the amount
of active materials dissolved in the electrolyte, and can only be made fully utilizable
when an equivalent mixture of anolyte and catholyte is present. Due to undesirable
oxidation processes the equimolar mixture of anolyte and catholyte is shifted in the

direction of higher oxidation states, resulting in a loss of capacity of the battery.

In the case of a vanadium redox flow battery, for example, this means that in the fully
charged state, only V°* is present in the catholyte, while a mixture of V¥* and V** is

present in the anolyte.

Within the scope of this invention, it has been found that it is possible to revert the

oxidation processes on the electrolyte solution of a redox flow battery by electrolysis.

As described above, at least two electrodes (E) are in electrically conductive contact

with the electrolyte solution, with at least one of the electrodes (E) being connected
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as an anode and at least one as a cathode, and oxygen (O2) being formed at the

anode.

The electrodes (E) can be part of an electrolysis cell. The process can be carried out

batchwise or continuously, preferably continuously.

The electrodes (E) may also contain one or more, usually one, reference electrode(s)

and / or one or more, usually one, electrode(s) for measuring the redox potential of

the electrolyte solution.

The electrodes (E) may only consist of anode(s) and cathode(s). However, then the
potential of the cathode should not be too negative in order to avoid hydrogen
development. If hydrogen is nevertheless formed, this can be reacted with oxygen

again to form water, as explained in detail below.

The potential of the cathode can be controlled by means of a reference electrode.

Preterably, therefore, a reference electrode is present, more preferably the cathodic

potential is adjusted such that no hydrogen is produced.

As the reference electrode, for example, an Hg / Hg>SO4 reference electrode, Ag /
AgCl reference electrode or a normal hydrogen electrode may be used. The
reference electrode Is also designated as an indifferent electrode. Both terms are

used synonymously in this application.

By means of the electrode for measuring the redox potential of the electrolyte

solution, the reaction sequence of the oxygen release can be followed as explained in

detalil below.

As the electrode used for the determination of the redox potential of the electrolyte
solution any electrode can be used for measuring the redox potential of the electrolyte
solution, and the person skilled in the art usually selects inert electrodes such as, for

example, carbon-based electrodes, platinum or gold electrodes, preferably a glassy
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carbon electrode.

Preferably, the electrodes (E) consist of
- one or more anode(s),

- one or more cathode(s),
- optionally one or more reference electrode(s),

- optionally one or more usually 1 or 2 electrode(s) for measuring the redox

potential.

For the determination of the redox potential, for example, a single-rod measuring cell
can be used, which normally comprises two electrodes. Alternatively, two electrodes

which are not connected to a single-electrode measuring cell, for example two

separate electrodes, can be used.

The redox potential may also be determined against the reference electrode, if any.

Usually, the electrodes (E) contain, preferably consist of, only one electroae for

measuring the redox potential.

A single-rod measuring cell i1s usually used or the redox potential is determined

against the reference electrode.

If the reference electrode is used to measure the redox potential, it does not belong to

the electrodes for measuring the redox potential.

Conventionally, an anode and a cathode are used. Alternatively, a plurality of
cathodes and / or anodes may be used. The use of a plurality of cathodes and a

plurality of anodes can be advantageous, for example, If higher a power is desired. If
a plurality of anodes and / or cathodes are used, the above-mentioned quantities of
oxygen and hydrogen formed are related to the respective total quantity of oxygen

produced and hydrogen formed.

It is also possible that the oxygen release Is carried out simultaneously or
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successively at several points in the redox flow battery. In this case, the method of

the present invention is performed several times simultaneously or successively.

If present, usually only one reference electrode is present.

If present, there is usually only one or two electrodes for measuring the redox
potential. As stated above, the determination of the redox potential may be performed
by means of a single-rod measuring cell, usually including two electrodes, two

separate electrodes or by means of an electrode vis-a-vis a reference electrode.

In particular the electrodes (E) consist of

- an anode,

- a cathode,
- optionally a reference electrode,
- optionally one or two electrodes for measuring the redox potential, for example

two electrodes In the form of a single-rod measuring cell.

Preferably, the electrodes (E) are not the electrodes used for the current drain from
the redox flow battery. In this preferred embodiment, the electrodes (E) comprise all
the electrodes which are not electrodes that are used for the current drain of the
redox flow battery. In other words, in this preferred embodiment, the redox flow

battery contains only the electrodes which are used for the current drain of the redox

flow battery and the electrodes (E).

The efficiency of the oxygen release can be increased if the anode(s) of the

electrodes (E) has a catalyst which facilitates the oxidation of H,O to O,. In one
embodiment, the anode(s) of the electrodes (E) comprises a catalyst selected from (i)
Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and / or Pt, (ii) alloys of Fe, Co, Ni, Ru, Rh, Pd, Os, Ir
and / or Pt, (i) oxides of Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and / or Pt, preferably selected
from (i) Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and/or P, (ii) alloys of Fe, Co, Ni, Ru, Rh, Pd,
Os, Ir and / or Pt, (ii)) oxides of Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and/or Pt. In a
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particularly preferred embodiment, the anode(s) is / are composed of Ir.

A dimensionally stable electrode (DSA) can also be used as anode(s) of the
electrodes (E). Dimensionally stable electrodes are not homogeneous regarding their
microstructure, their phase composition and also their surface. Titanium electrodes
are generally referred to as dimensionally stable electrodes which are provided with a
mixed oxide coating of titanium oxide with one or more noble metal oxides of the rutile
type (e.g. RuyT11.x02). In one embodiment, the anode(s) of the electrodes (E) i1s / are
composed of a coating of a mixed oxide of the noble metals Pt, Ir, Rh, Pd, Ru and Os
with the elements Mn, Pb, Cr, Co, Fe, Ti, Ta, Zr and Si applied to a carrier anode of
T1, Ta, Zr, Nb or their alloys. Particularly preferred dimensionally stable electrode(s)
(DSA) as the anode(s) of the electrode(s) (E) comprise(s) a titanium support and a
coating of T10,-RuQO, or TiO,-RuO..

At the cathode of the electrodes (E) the reduction of the electrolyte takes place during
the oxygen release. For example, in the case of a vanadium redox flow battery, the

reduction of VO," takes place towards lower oxidation states.

The potential of the cathode of the electrodes (E) should be as low as possible to
ensure efficient reduction, with the potential of the cathode being limited by the
potential at which hydrogen is formed by the electrolytic decomposition of the

aqueous solution.

The electrochemical potential window In an aqueous solution, I.e. the voltage range of
the potential required for the desired reaction and the decomposition of water is
dependent on the material of the electrode. Metallic electrodes usually have a
relatively small potential window or form passivating layers. A large electrochemical
potential window can be achieved by a high hydrogen overvoltage. In agueous

systems, carbon has in its modifications diamond (doped), graphite as well as
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glass(y) carbon, lead, zinc, cadmium and mercury have a high hydrogen overvoltage.

Preferably, the cathode(s) of the electrodes (E) comprise(s) a material selected from
the group consisting of glassy carbon, graphite, and diamond. Preferably, the
cathode(s) of the electrodes (E) 1s / are composed of one material selected from the
group consisting of glassy carbon, graphite, and diamond (doped). Particular
preference iIs given to a graphite electrode. As stated above, no hydrogen or not more
than 1.5 mol of hydrogen (H») i1s formed per 1.0 mol of oxygen (O,) formed. If
hydrogen Is formed, preferably per 1.0 mol of formed oxygen (O,) not more than 1.0
mol of hydrogen (H,), more preferably not more than 0.5 mol of hydrogen (H,) is

formed. In a preferred embodiment not more than 0.1 mol of hydrogen (H;) is formed.

If hydrogen is formed, the hydrogen formed is reacted with oxygen, preferably with
the oxygen formed at the anode, on one or more catalyst(s) to form water. The water

thus formed is preferably returned to the electrolyte solution.

Catalyst(s) suitable for the conversion of hydrogen with oxygen to obtain water are
catalysts which can also be used for the generation of oxygen. For example, the

abovementioned catalysts are suitable for the oxygen generation.

The catalyst(s) for the reaction of hydrogen with oxygen to obtain water are selected
from the group consisting of (I) Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and / or Pt, (ii) alloys of
Fe, Co, Ni, Ru, Rh, Pd. Os, Ir and / or Pt, (iii) oxides of Fe, Co, Ni, Ru. Rh, Pd, Os, Ir
and / or Pt, preferably selected from (i) Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and / or Pt, (ii)
alloys of Fe, Co, NI, Ru, Rh, Pd, Os, Ir and / or Pt, (iii) oxides of Fe, Co, Ni, Ru, Rh,
Pd, Os, Ir and / or Pt. In a particularly preferred embodiment the catalysts consist of Ir

or platinum.

A dimensionally stable catalyst can also be used. As dimensionally stable catalysts
are generally referred to titanium catalysts which are provided with a mixed oxide
coating of titanium oxide with one or more noble metal oxides of the rutile type (e.g.

RuxT11x02). In an embodiment the catalyst(s) is / are composed of a coating of a
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mixed oxide of the noble metals Pt, Ir, Rh, Pd, Ru and Os with the elements Mn, Pb.
Cr, Co, Fe, Ti, Ta, Zr and Si which are applied to a support of Ti, Ta, Zr, Nb or their
alloys. Particularly preferred dimensionally stable catalyst(s) comprise(s) a titanium

support and a coating of TiIO>-RuQO, or T10,-RuO..

The reaction of the formed hydrogen with oxygen, preferably with the oxygen formed
at the anode, 1s usually carried out in one recombination unit normally comprising a
catalyst, preferably the above-mentioned catalyst, for converting hydrogen and
oxygen to water, which unit i1Is so connected to the electrochemical cell that both the
hydrogen formed during the electrolysis and the oxygen formed during the electrolysis

can be introduced into the recombination unit.

Most preferably, no hydrogen Is formed at the cathode.

The loss of capacity in ampere hours (Ah) is proportional to the amount of oxygen
absorbed by the redox flow battery. For example, a loss in capacity of one ampere
hour corresponds to the absorption of 9.33 mmol oxygen (O,). The calculation is
based on the first Faraday law: Q =n *z * F with F = 96485 As / mol or 26.8 Ah / mol:

n=1Ah/(4* 26.8) since it is a four-electron transition.

Consequently, the extent to which the regeneration of the electrolyte solution has
progressed can be determined by means of the amount of oxygen released and

optionally by means of the amount of hydrogen.

The process according to the invention is preferably terminated when the net amount
of liberated oxygen corresponds to 90% of the theoretically releasable oxygen,

preferably 95% of the theoretically releasable oxygen, and most preferably 99% of the

theoretically releasable oxygen.

The "net quantity of released oxygen" corresponds to the total quantity of oxygen
released minus the amount of oxygen which, if hydrogen is released, can be

recombined with that hydrogen released to obtain water. Thus the "net quantity of
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released oxygen" corresponds to:

The total amount of oxygen (in mol) minus 0.5 times the total amount of hydrogen

released in (mol).

The "theoretically releasable oxygen" is the amount of oxygen which, as described

above, is calculated from the loss of capacity by the following equation.

6.24-10"
4 é:’ — - KV = Op(theoretical )
6.022-107" mol™ '
wherein
KV IS the loss of capacity in [As]
O, (theoretical) IS the theoretically releasable oxygen in mol

Alternatively, the oxygen release can be carried out as follows.

For this purpose, at first the following equations are given.

Reactions of the battery towards charging:

Anode: A"+ zem > A™ (1)
Cathode: K' > K" + ze (2)
Cell: A™ + K" > ATE + KM (3)

Definition of the charge level a (SOC):

Concentration of the reaction product divided by the total concentrations of educt and

product
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o CAFEI.MZ
o, =
CA‘“‘“Z +C_A’“ (4)
— CK”'“?
Oy = ————
CK{':-.'-Z + Cw}

()
wherein ap 1S the state of charge of the anolyte and ak Is the state of charge of the
catholyte,

CAm-2 g the concentration of the species A™?

CAM s the concentration of the species A™

CKP"7 s the concentration of the species K"?
CKn s the concentration of the species K"
wherein A™?, A™, K"?, and K" are different from each other.

In the case where the redox flow battery has no loss of capacity, i.e. the capacity is at
the highest: aa = ak.

As a result of oxidation of the electrolyte by, for example, oxygen, the concentration of
oxidized species, in particular A", is increased without producing a corresponding

reduced species. As a result, aa Is smaller than ak, since, given a state of charge of

ak = 1 in the corresponding anolyte, not only reduced species A™* but also
unreduced species A™ are present.

The potentials depending on the charge level are as follows:

Anolyte:
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. { A o
R T-ln _Ga (6)
z-F \1-a,

(PA:q)i'

Catholyte:

RT [ o ~
= qp + . [ — 7
P = Ok o F -0 (7)
Cell:
s RT| ( o | (o, | 1 )
=0 -0 + 41n i + In a 8)
Pz = Ox = Qa S F | T 1—a, j (&
wherein
Z can be taken from equation (1) and (2)
R universal gas constant, R = 8.31447 Jmol ' K’
F Faraday constant, F = 96485.34 C'mol”
T IS the temperature
Qa and ag can be taken from equations (4) and (5)
Pk- and Qa° are the respective standard potentials
Pk, Pa and @z are the current potentials of the catholyte, the anolyte or the

redox flow battery.

Normally, different proton concentrations are present in a redox flow battery in the

catholyte and the anolyte. These usually lead to a membrane potential ¢m

R-T Cppo |
PN ™ -In —
F L CL

(9)

wherein

R T, F are as defined above:
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c. Is the proton concentration in the catholyte; and

C.. Is the proton concentration in the anolyte.

This membrane potential is taken into consideration in Equation (8) as follows.

{ r i

.8 o, RT Uk . | 10

P =Px ~Qa T -1in + In| * Py (IO)
Z'F g\?“CL,( F 1*‘&”1‘_(1«.& S

If two of the three values @k, @a and ¢z are present, the third value can be calculated

according to equation (10). Usually ¢k and ¢z are measured and @, is calculated.

If px can be measured using equation (7), ak can be calculated from @k. aa is then

obtained from equation (10) and @A from equation (6).

The loss of capacity can then be calculated from aa and ak. This results in a relative

loss of capacity. The absolute value can be calculated by the volume of the

respective solutions.

aa Is then obtained from equation (9) and ¢@a from equation (6).

In a first embodiment, the electrodes (E) are located in the positive half-cell of the
redox flow battery and / or a fluid connection i1s present between the electrodes (E)

and the positive half-cell of the redox flow battery during oxygen release.

Preferred features of the first embodiment of the present invention will be described

below.

In this context, fluid connection means that an exchange of fluid, including ions
contained therein, Is possible. In particular, in this embodiment, there is no membrane
between the electrodes (E) and the electrodes of the positive half cell of the redox

flow battery.
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Preferably, a fluid connection exists between the electrodes (E) and the positive half-

cell of the redox flow battery during the oxygen release.

According to the process of the first embodiment the electrolyte is usually circulated
during the oxygen release. In other words, a continuous oxygen release is usually

carried out.

The oxygen release is preferably carried out in an electrochemical cell which is
located in the circuit of the electrolyte. The electrochemical cell can be a part of the
circuit of the electrolyte while none oxygen release takes place and the oxygen
release can take place as required. Alternatively, for oxygen release, at least a part of
the electrolytes are diverted or branched off from the circuit, passed through the
electrochemical cell, and then returned to the circuit. Valves required for the branch

are known from the prior art and are therefore not explained in detail.

In this first embodiment, the oxygen release can take place during operation of the
redox flow battery, i.e. the redox flow battery can be charged or discharged during the

oxygen release or neither be charged nor discharged. Preferably, the redox flow

battery i1s not discharged during the oxygen release.

Capacity changes of the redox flow battery by the oxygen release are not referred to

as charging or discharging the redox flow battery.

ak before the start of the oxygen release is preferably 0 to 100, more preferably 50 to
100, more preferably 70 to 90. In a preferred embodiment, ax is 80 to 90 before the

oxygen release begins.

In an option of this embodiment, the redox flow battery is not charged or discharged
during the oxygen release and the oxygen release is usually carried out in the
catholyte. Oxygen ions O are oxidized to elemental oxygen by the oxygen release

and the electrolyte itself is reduced accordingly. The charge level of the anolyte aa
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does not change during the oxygen release.

When the charge level ak is again equal to aa, the redox flow battery has reached its

full capacity again and the oxygen release can be terminated.

In this option, the redox flow battery is not charged during the oxygen release and the
oxygen release is carried out until ax = aa £ 5%, preferably to akx = aa + 2%, more
preferably to ax = aa £ 1%, most preferably to ax = aa. In this option, ak is preferably
between 50 and 100 before the start of the oxygen release, more preferably 70 to 90,
particularly preferably 80 to 90. akx can be determined during the oxygen release by

measuring ¢k and equation (7). In that case a measurement of ¢a and ¢z is not

necessary.
As explained above, an overcompensation can be carried out, i.e., after the oxygen
release I1s complete ax < aa. Aithough initially the full capacity is not available, the

redox flow battery passes through the range of the maximum capacity during the

oxidation of the electrolyte solutions, which decreases again.

In a further option of this embodiment, the redox flow battery is charged during the

oxygen release and the oxygen release is usually carried out in the catholyte.

In this option aa increases by the charging process. Regarding ak, the following

opposing effects are obtained.

- Ok IS increased by the charging process as such

- Ak IS reduced by the oxygen release as such.

Depending on which effect is predominant, ax is increased, decreased or remains

constant.

Even if ak is increased, ak increases slower than aa and thus an approximation of ak
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and aa occurs.

In this further option, the redox flow battery is charged during the oxygen release and
the oxygen release is carried out up to ax £ 5%, preferably up to ak = £ 2%, more
preferably up to akx = aa £ 1%, most preferably up to ak = aa. In this option, ak Is
preferably between 50 and 100 before the start of the oxygen release, more preferred
70 to 90, particularly preferred 80 to 90.

As described above, an overcompensation can be carried out, i.e., after the oxygen
has been released, ax < aa. Although initially the full capacity is not available, the
redox flow battery passes through the range of the maximum capacity during the

oxidation of the electrolyte solutions, until it decreases again.

The oxidation of oxygen and the constituents of the electrolyte can be competition
reactions depending on the respective redox potential of the components of the
electrolyte. That is to say, Iin addition to an oxidation of 2 O* to O,, oxidation of the
electrolyte constituents can also occur. Therefore, it would be advantageous for the
oxygen release alone if no ions are present in the electrolyte solution which can be
oxidized in a competition reaction. However, for this purpose, the battery would first
have to be fully charged and subsequently the oxygen release should be carried out,
resulting in an interruption in battery operation, which is not preferred for economic

reasons.

In another option of the first embodiment, the electrodes (E) are located In the
positive half-cell of the redox flow battery and / or a fluid connection exists between
the electrodes (E) and the positive half-cell of the redox flow battery during oxygen

release and the electrolyte solution is circulated during oxygen release. In this option,
the voltage of the redox flow battery, usually terminal voltage, is measured before the
start of oxygen release and kept constant during oxygen release. This can be

effected, for example, by an external current source, usually a potentiostat. Such a

method is also referred to as potentiostatic loading.
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By the oxygen release the charge level ak Is reduced because oxygen 10ns O* are
oxidized to elemental oxygen and, accordingly, the electrolyte itself is reduced. The

charge level of the anolyte ak is not initially changea.

By lowering of ak, and consequently ¢k, the terminal voltage of the redox flow battery
decreases. Since the terminal voltage Is held constant, the redox flow battery is
charged, i.e. aa increases. As a result, aa and akx approach the same value, namely

the average of aa and ak before the start of oxygen release.

In this option, the terminal voltage of the redox flow battery is measured prior to the
release of oxygeh and kept constant during the release of oxygen, in addition, the
oxygen release is preferably carried out In this option up to akx = aa £ 5%, preferably
up to ak = aa = 2%, more preferably up to ak = aa = £ 1%, most preferably up to ak =
aa. In this option before the start of the oxygen release ak is preferably between 50
and 100, more preferably 70 to 90, most preferably 80 to 90. akx during oxygen
release can be determined by measuring ¢k and equation (7). In that case a

measurement of ga and @z i1s not necessary.

The course of the current density of the redox flow battery in this option iIs shown In
FIG. 6

I iIs the diffusion current density, which cannot be avoided due to technical

reasons,

At the beginning of the release of oxygen, the current density increases as speed and
efficiency of the electrolysis are at the highest at the beginning. The more ax and aa

approach each other the lower the current density Is.
The current density is related to the membrane surface of the redox flow battery.

In an alternative to the above-mentioned option the terminal voltage of the redox flow

battery Is measured prior to the release of oxygen and kept constant during the
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release of oxygen, in addition, the oxygen release Is preferably carried out in this

option until the following inequality is satisfied

- di/dt < 0.010 A/(cm*#s),

preferably up

_ di/dt < 0.005 A/(cm?s),

and most preferably up to

- di/dt < 0.001 A/(cm?s),

where di / dt is the change in current density with respect to the membrane surface of
the redox flow battery over time. In this alternative, before the start of the oxygen
release, ak is preferably between 50 and 100, more preferably 70 to 90, most
preferably 80 to 90.

In this alternative, the determination of redox potentials is not required during the

oxygen release.

Under ideal conditions, no current flows when the oxygen release Is complete.
Technically, however, a small flow of current (diffusion current) usually cannot be
avoided. Therefore, the release of oxygen is usually terminated when the current

does not flow or changes only slightly.

In a second embodiment, no fluid communication exists between the electrodes (E)
and the half-cells of the redox flow battery during oxygen release and after the
oxygen release a fluid connection is established, or the electrolyte solution is supplied

to the redox flow battery, preferably the positive half-cell, after the oxygen release.

In the process according to the second embodiment, the electrolyte solution is
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preferably removed from the redox flow battery, the oxygen release is performed by

electrodes (E) and the electrolytic solution is supplied again to the redox flow battery

after the oxygen release.

For example, the electrolyte solution can be diverted from the circulation of the redox
flow battery, be directed into a separate container in which the electrodes (k) are
located and the oxygen release is performed. After the release of oxygen, the
electrolyte solution is returned to the circulation of the redox flow battery. During the

release of oxygen no fluid connection exists between the electrodes (E) and the half-

cells of the redox flow battery.

Preferably, the electrolyte solution is taken from the circuit of the positive half-cell of

the redox flow battery.

Alternatively, the oxygen release can also be carried out in the one or more tanks of

the circulation of the redox flow battery after the fluid connection has been interrupted

to the half-cell(s) of the redox flow battery'.

Preferably, the or each tank(s) is/are part of the circuit of the positive half-cell of the

redox flow battery (catholyte).

In the second embodiment before the oxygen release ak is preferably 0 to 100, more

preferably 50 to 100, still more preferably 70 to 90, most preferably 80 to 90.

In this embodiment, the oxygen release is usually performed in the catholyte. In this
way, the charge level ax is reduced because oxygen ions O% are oxidized to

elemental oxygen and accordingly, the electrolyte itself is reduced. The charge level

of the anolyte aa does not change during the oxygen release.

If the charge level ak 1s again aa the redox flow battery has reached again its full

capacity of and the release of oxygen can be terminated.
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The oxygen release is preferably performed up to ak = aa £ 5%, preferably up to ak =
aa + 2%, more preferably up to akx = aa = + 1%, most preferably up to ax = aa during
oxygen release. ax can be determined by measuring ¢k and equation (7). In that case

a measurement of g5 and @z I1s not necessary.

As mentioned above, an overcompensation can be carried out, which means that
after completion of oxygen release ax < aa. While initially the full capacity ist not
available, the redox flow battery runs the range of the maximum capacity until the

capacity drops again during the oxidation of the electrolyte solutions.

In the following preferred features of all embodiments of the present invention are

described, unless it Is explicitly referred to the contrary.

Preferably, a reference electrode Is present and the potential of the anode at the
beginning of the oxygen release is at least 1.230 V vs. the normal hydrogen electrode
(NHE) compared with the reference electrode set preferably to at least 1,500 V vs.
NHE, more preferably at least 2.000 V vs. NHE, even more preferably to at least
2,500 V vs. NHE, relative to the normal hydrogen electrode. Typically, the potential of

the anode is at the beginning of the oxygen release 10 V vs. NHE or less.

Preferably, a reference electrode is present and the potential of the cathode at the

start of the oxygen release is in a range from -0.800 to + 0.300 V vs. NHE set against
the reference electrode, preferably in a range from -0.500 to 0.000 V, more preferably
to a range of - 0.500 to -0.200 V vs. NHE.

When the potential of the cathode is set, then the potential of the anode is

automatically obtained and vice versa. When a potential is adjusted either the

cathode potential or the potential of the anode is set.

For setting the potential of the anode or cathode, a reference electrode is used as

explained above.
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The method of the present invention is suitable for all types of redox flow batteries,

including hybrid flow batteries. Suitable battery systems are in particular the following.

Zn/Zn” // VO*'/VO,'

Anode: Zn""+2e = Zn pa =-076V
Cathode: VO* +H,0 = VO, +¢ +2H' ok’ =+1.00V
Cell: Zn* +2 VO +2H,0 2> 2 V0, +4H' +Zn

7Zn/Zn* // Ce’ /Ce™

Anode: Zn" +2¢ = Zn (p,a\O =-0.76 V
Cathode: Ce = Ce' +¢ ok =+128bis 1.72V
Cell: 2 CCI +7Zn* - 2 C€4"IN + Zn

24 3+ . 2+ 3-
CI’ /CI‘ // Fe ;’Fe

Anode: Cri+e = Cr oa =-042V
Cathode: Fe¢* =2 Fe' +¢ ok’ =+0.77
Ceﬂ Cr3+ + Fe'2+ 9 CrZ—- + Fegﬂ-

Cr*'/Cr’ // Cr /CrO4~
Anode: Cri+e = Cr (pAO =.042V
Cathode: Cr' = Cr042"“ +3 ¢ (pKO =+] 35

Cell: 4 Ci‘3+ - 3 CI‘2 T+ CI'O42_
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V¥V Fet' /Re
Anode: Ve VY opa =-025V
Cathode: Fe? =» Fe' +e (PKO =+0.77
Cell: V" +Fe’' = V¥ +Fe”
V2+N3+ ‘// Ce’l*/CehF
Anode: V' i+e = VH 04’ =-025V
Cathode: (e’ = Ce* + ¢~ ox’ =+1.28bis 1,72V

Cell: Vo et = VT + Cett

Y i L AL
Fe;fFez // Fe” /Fe

Cd/Cd™ // Fe® /Fe

Pb/Pb>" // PH**/PbO,
Anode:  Pb“ +2¢ = Pb

Cathode: Pb* +2H, 0= PbQ, +4H +2¢

Cell: 2Pb* +2H,0 > Pb+PbO,+4H
Polyoxometalates

Anode:  [SiVVsWY040]"" +3 ¢ D [SiVIVaWYVs W 6040]™
Cathode:  [SiV'"3W"90u40] " D [SIV'3 W 6040] " + 3 €

7

C. eﬂ: 2 [S NIV}, VIQ 040] 10— 9 [S NI\ 3WV3 WVI{, 040] 13- + [S NV . Vlg 040]‘_;-.,,
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Ti° /TiO*” // Fe* /Fe™"

Anode: TiO*"+2H ' +2¢ 2 Ti + H,0 0 " =+004V
Cathode: Fe’ = Fe' +¢ ok =+0.77V
Cell: TiO" +2H +2Fe” = Ti"" + H,O + 2 Fe™”

Cu/CuCl // CuCl/Cu™"

Anode: Cu +¢ = Cu oA’ =+0.153 V
Cathode: Cu =» Cu’ +¢ ox =+0521V
Cell: 2Cu = Cu’ +Cu

Cuw/Cu*' // Pb*'/PbO,

Anode: Cu™ +2¢ = Cu oA’ =+034V

Cathode: PbSO4+2 H,O = PbO, +4 H +SO4 +2¢ o' =+1.69V

Cell: CuSO4+PbSO,4 + 2 H,O = PO, + Cu + 2 H,SOq,

Particularly preferred the redox flow battery is a vanadium redox flow battery. In the

following preferred features of the vanadium redox flow battery are described unless it

IS explicitly referred to the contrary.

In a vanadium redox flow battery vanadium is in the oxidation state (+ll) to (+V)

before. The corresponding oxidation part equations are as follows.

VO +H,0 —= VO, +2H +¢  E'=+0998 V (1)

+H,0 = VO +2H +e¢  E'=+0377V (1)

v —  V7+te '=-0.255V (1)
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The partial oxidation equation for the oxygen formation is as foliows.

2 H,O - O+ 4H+ +4e- BV =+1230V

Thus, the equations for anodes and cathodes are as follows.

Anode: Vite Ve oa =-025V
Cathode: VO* +H,0 = VO, +e +2H' ok’ =+1.00V
Cell: VO© + V' + H,0 > VO, + V¥ +2H'

Due to the potentials it is believed that in a vanadium-containing electrolyte solution a
V (+l1), V (+lll) and V (+IV) compound, if contained, is firstly oxidized to V (+V) before
the oxygen release begins, that is, the reactions according to equations (1) to (lll ) run

first.
During the release of oxygen the following reactions take place

(1) oxidation of H,O to O, at the anode,

(1) reduction of VO," to lower oxidation states at the cathode,

Theoretically, a reduction to V** takes place at the cathode. The resulting V**
symproportionates with V (+IV), and V (+V) - compounds which are present in the
solution. If V (+V) compounds are present, V" symproportionates with V (+ V) usually
to V (+IV) compounds. Only if V (+V) compounds are no longer present V¢

symproportionates with V (+IV) - compounds to V (+lll) - compounds.

Accordingly, in the course of the oxygen release, the average oxidation state of the
electrolyte is lowered. As a consequence, the redox potential of the electrolyte

solution decreases.

That 1s, there are proportionally fewer V (+V) in the solution, i.e. the number of
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vanadium compounds initially to be oxidized increases and the efficiency of release of

oxygen decreases.

The efficiency of electrolysis depends directly on the redox potential of the electrolyte
solution. The kinetics of the oxidation of vanadium, which concurrently takes place on
the anode in addition to the oxygen oxidation, decreases with Increasing redox
potential. The higher the proportion of vanadium ions with high oxidation state, the
higher the redox potential of the electrolyte solution, the more efficient electrolysis Is.
It is therefore advantageous if the proportion of oxidizable vanadium ions Is minimized
at the beginning of electrolysis. The higher the percentage of VO**, the lower the
proportion of oxidizable Vanadium ions is, since they cannot be oxidized further. Thus
it is convenient if an electrolytic solution, containing a mixture of V°* and VO** is not
immediately subjected electrolysis, but an electrolytic solution having a high
proportion of VO**. So the proportion of VO?* increases during the course of the

electrolysis.

Before the start of oxygen release, the electrolytic solution preferably does not has V
(+11) compounds, more preferably no V (+lI) - and V (+lll) - compounds, even more
preferably, the molar ratio of V (+V) - compounds to V (+IV) - compounds each based
on vanadium ions is between 50 and 100, even more preferably between 70 and 90

and most preferably between 80 and 90.

Due to the progressive release of oxygen and the concomitant reduction in the
average oxidation state of the electrolyte, the efficiency of release of oxygen Is
reduced. Therefore, the release of oxygen is preferably terminated before the
efficiency drops below a certain value. This endpoint may be determined as generally

described above wherein



CA 02970178 2017-06-08

27

A" = \Y
A" = VT
K™ = VO,'
Kt = vO-*

Another aspect of the present invention relates to an electrochemical cell comprising
at least two electrodes (E) of which at least one Is connected as a cathode and at
least one Is connected as an anode, wherein the electrochemical cell is located In at
least a half-cell of a redox flow battery and / or a fluid connection exists between the

electrochemical cell and at least a half-cell of a redox flow battery.

Preferred features of the electrochemical cell of the present invention are also
preferred features of the method of the present invention including all preferred
embodiments, and vice versa. Preferably, the electrochemical cell is Iin the positive
half-cell of the redox flow battery and / or a fluid connection exists between the

electrodes (E) and the positive half-cell of the redox flow battery.

The present invention further relates to the use of electrical current for oxygen

evolution from an electrolyte solution of a redox flow battery.

Usually, per 1.0 mol of formed oxygen (O,) not more than 1.5 moles of hydrogen (H,)

are formed.

Preterred teatures of the electrochemical cell of the present invention and preferred
features of the method of the present invention including all preferred embodiments

are also preferred features of the use of the present invention and vice versa.

Figures

In Figure 1, the electrochemical cell of the example is shown.
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LIST OF REFERENCE NUMBERS

A: Beaker

B: Electrolyte solution

C: Reference electrode (Hg / Hg>SO4 electrode)
D: Measuring electrode (glassy carbon electrode)
E: Magnetic stirrer

F: Counter electrode (iriddium electrode), cathode
G: Working electrode (graphite electrode), the anode
¢z cell voltage

¢c. cathode potential

Pa. anode potential

¢Pr: redox potential

Figure 2 shows the potentials and cell voltage before the electrolysis of a 1.6 M VO,’
in 2M H>SOy4.

Figure 3 shows the potentials, electric current and cell voltage during electrolysis of a
1.6 M VO," solution in 2 M H,SO,.

Figure 4 shows the redox potential and electric current during the electrolysis of a 1.6
M V02+ ~ H2804 solution 1n 2 M.
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Figure 5 shows the potential and cell voltage by the electrolysis of a 1.6 M H>S04 In
2M VO,".

Figure 6 shows the profile of the current density of the redox flow battery at a

constant terminal voltage (potentiostatic charging) wherein

i is the diffusion current density, which normally cannot be avoided for technical

reasons.

In the following items, the present invention will be further described:

1. A process for oxygen evolution from an aqueous electrolyte solution of a redox

flow battery, wherein

at least two electrodes (E) are in electrically conductive contact with the electrolytic

solution

at least one of the electrodes (E) is connected as an anode and at least one is
connected as a cathode and at the anode oxygen (O,) is formed, and wherein at the

cathode no hydrogen is formed or per 1.0 mole of formed oxygen (O2) not more than

1.5 moles of hydrogen (H,) are formed.

2. The method of item 1, wherein the electrodes (E) are not the electrodes being

used in the current drain from the redox flow battery.

3. The method according to any one of the preceding items, wherein the formed
hydrogen is reacted with oxygen, preferably with oxygen formed at the anode, on a

catalyst to form water.

4. The method according to item 3, wherein the water is fed back into the

electrolyte solution.

D. The method according to item 1, wherein no hydrogen Is formed at the

cathode.
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6. The method according to any one of the preceding items, wherein the
electrodes (E) are located in the positive half-cell of the redox flow battery and / or a

fluid connection exists between the electrodes (E) and the positive half-cell of the

redox flow battery during the oxygen release.

/. The method of item 6, wherein the terminal voltage of the redox flow battery

measured before the start of the oxygen release and during the release of oxygen Is

kept constant.

8. The method of item 6, wherein the redox flow battery is charged during the

oxygen release.

9. The method according to any one of the preceding items 1 to 5, wherein during
the oxygen release no fluid communication exists between the electrodes (E) and the
half-cells of the redox flow battery and after the oxygen release a fluid connection Is
established or the electrolytic solution is supplied to the redox flow battery, preferably

to the positive half-cell, after the oxygen release.

10. The method of item 9, wherein the electrolyte solution is taken from the redox
flow battery, the oxygen release is performed by means of the electrodes (E) and the

electrolytic solution is fed again to the redox flow battery after the release of oxygen.

11.  The method according to any one of the preceding items, wherein the redox

flow battery i1s a vanadium redox flow battery.

12. Electrochemical cell having at least two electrodes (E) of which at least one Is
connected as cathode and at least one is connected as an anode, said electrodes (E)
being located in at least a half-cell of a redox flow battery and / or a fluid

communication exists between the electrochemical cell and at least a half-cell of a

redox flow battery.

13.  An electrochemical cell according to item 12, wherein the electrodes (E) are
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located in the positive half-cell of the redox flow battery and / or a fluid communication

exists between the electrodes (E) and the positive half-cell of the redox flow battery.

14. The use of electric current for oxygen release from an electrolytic solution of a

redox flow battery.

Example

400 mL of a solution of 1.6 molar VO, in 2 molar H,SO, are filled in a glass beaker.
An iridium sheet having a surface area of 16 cm? (Heraeus, Germany) Is used as the
first electrode. A thermally activated (1h, 400 °C) graphite felt with a surface of 40 cm?
(GFAS5 the SGL Carbon, Germany) is used as a second electrode. A Hg / Hg>SOy-
electrode is used as a third electrode. A glassy carbon electrode is used as a fourth
electrode. The potential of the second electrode I1s controlled by a potentiostat
(Modulab + 20A booster Solatron Analytical, USA) and the current between the first
and the second electrode i1s measured. The cell voitage (¢R), the anode potential
(@A) and the redox potential (CPR) of the electrolyte solution are determined via three
additional voltage measurement ports. Immediately after the addition of the electrolyte
solution all voltages and potentials are measured (Figure 2) for a time of 60 s.
Subsequently, the cathode potential is set to a value of -0.90 V versus the Hg /
Hg,SO4 electrode for a period of 120 min, and thus the electrolysis is started (Figure

3). Thereafter, the individual potentials are currentiess measured again for 300 s
(Figure 4).

Before the start of the electrolysis and after completion of electrolysis samples have
been taken from the electrolytic solution and the vanadium concentration and the

portions of oxidation state are determined by potentiometric titration.

In the diagrams, all potentials were given to the normal hydrogen electrode.

As seen in Figure 2 the redox potential of VO," solution is about 1.23 V before the

electrolysis. The respective cathode potential has the same value as the anode
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potential, so that a cell voltage of 0 V results.

In Figure 3, the potentials, electric current and the cell voltage during electrolysis of
1.6 M are VO, solution in 2 M - H,SO,4 are shown. The cathode potential has been
controlled to a value of -0.90 V vs. Hg / Hg>S04 (-0.25 V vs. NHE) and did not change
during the electrolysis time. The cathode potential corresponds to a value of about
200 to 250 mV below the potential of a significant hydrogen formation at carbon
electrodes. The choice of the potential formed a compromise between undesirable
hydrogen formation and driving force for the oxygen formation reaction. Between
working electrode (anode) and counter electrode an electric current having a current
density of about 0.25 - 0.20 a A / cm? has been established, which decreased during
the reaction time. With the start of the electrolysis a strong gas development has
been observed at the anode, which continued until the end of the experiment. The

converted electricity was the integral of the current density curve and was 7.3 Ah.

The anode potential increased with the start of the electrolysis by polarization to a
value of 2.46 V, and fell steadily to about 2.2 V after 120 min from electrolysis time.
The value was significantly higher than the standard electrode potential of the oxygen
formation reaction and thereby enabled the evolution of oxygen at the anode. The
difference between anode and cathode potential was the measured cell voltage of 2.7
to 2.5 V, which had the same tendency during electrolysis as the anode potential,
since the cathode potential was held at a constant potential. The drop of the anode
potential and thus the drop of the cell voltage can be explained by an increase In
tetravalent vanadyl cations (VO®*) in the solution progress with increasing oxygen

release and thus the formation of a mixed potential (parallel oxidation reaction of V**
to V7).

With the progress of reaction, the redox potential of the electrolyte solution should
decrease by increasing the amount of tetravalent VO**. In Figure 4, the redox
potential of the electrolytic solution and the electric current during electrolysis Is
shown. At the beginning of the electrolysis the redox potential corresponds to the

value of the currentless state and decreases in the further course. The value of the



CA 02970178 2017-06-08

33 "

redox potential of 1.23 was equal to the value V in the currentless state, and
decreased in the further course of the measurement with a typical behavior according

to the Nernst equation with a logarithmic influence of concentration.

Figure 5 shows the course of the potential and the cell voltage after the electrolysis of

a 1.6 M VO," solution in 2 M H,SO,4within 5 minutes.

Because of the polarization effects of the anterior current-carrying electrodes anode

and cathode potentials differed from the redox potential. Only in the further course the

potentials approximated to the redox potential at a value of 1.09 V. Thus the redox

potential of the solution was 114 mV lower than before the electrolysis, suggesting an

increase in VO** - ions.
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Claims

1. A method for releasing oxygen from an aqueous electrolyte solution of a redox

flow battery, wherein
at least two electrodes (E) are in electrically conductive contact with the electrolytic

solution

at least one of the electrodes (E) i1s an anode and at least one is connected as a
cathode, and the anode forms oxygen (O,), the cathode does not form hydrogen or
forms not more than 1.5 moles of hydrogen (H») per 1.0 mole of formed oxygen (O,),

wherein the electrodes (E) are located in the positive half-cell of the redox flow battery
and / or a fluild communication exists between the electrodes (E) and the positive half-
cell of the redox flow battery during the oxygen release

or

wherein no fluid communication exists between the electrodes (E) and the half-cells
of the redox flow battery during the oxygen release and a fluid connection is

established after the oxygen release.

2. The method of claim 1, wherein the electrodes (E) are not the electrodes being

used in the current drain from the redox flow battery.

3. The method according to any one of the preceding claims, wherein the formed

hydrogen is reacted with oxygen, preferably with oxygen formed at the anode, on a

catalyst to form water.

4 The method according to claim 3, wherein said water is fed back into the

electrolyte solution.

D. The method according to claim 1, wherein no hydrogen is formed at the

cathode.

6. The method according to any one of the preceding claims, wherein the
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electrodes (E) are located in the positive half-cell of the redox flow battery and / or
where a fluid connection exists between the electrodes (E) and the positive half-cell of

the redox flow battery during the oxygen release and wherein the terminal voltage of

the redox flow battery is measured prior to the oxygen release and kept constant

during the oxygen release.

/. The method according to any one of the preceding claims, wherein the
electrodes (E) are in the positive half-cell of the redox flow battery and / or where a
fluid connection exists between the electrodes (E) and the positive half-cell of the

redox flow battery during the oxygen release, and wherein the redox flow battery Is

charged during the oxygen release.

8. The method according to any one of the preceding claims 1 to 5, wherein
during the oxygen release no fluid communication exists between the electrodes (k)
and the half-cells of the redox flow battery, and after the oxygen release a fluid
connection is established and wherein the electrolyte solution 1s withdrawn from the
redox flow battery, the oxygen release is carried out by the electrodes (E) and the

electrolytic solution is fed to the redox flow battery again after the oxygen release.

9. The method according to any one of the preceding claims, wherein the redox

flow battery is a vanadium redox flow battery.

10.  An electrochemical cell comprising at least two electrodes (E) of which at least
one is connected as a cathode and at least one I1s connected as an anode, said
electrodes (E) are located in at least one half-cell of a redox flow battery and / or a
fluid communication exist between the electrochemical cell and at least one half-cell

of a redox flow battery.

11.  The electrochemical cell according to claim 10, wherein the electrodes (E) are
located in the positive half-cell of the redox flow battery and / or a fluid connection

exists between the electrodes (E) and the positive half-cell of the redox flow battery.
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12. A use of electrical current for an oxygen release from an electrolytic solution of

a redox flow battery.



CA 02970178 2017-06-08

4 v

1/6

RULER L

~




Potential [V]

CA 02970178 2017-06-08
A ’

2/6

0.4

|- Cathode mréiasl
y | ~-#- Redox Potantial
0.2. B i e e S S i : ‘ _____ Amde ﬁ t mial i

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

004 VPP EP PP PP EPEP PP E PG G PGPt

0 10 20 10 0 50 60
Time [s]

Figure 2



Potential [V]

4,0
3.5
3.0
25
2.0

1.5

1.0-

0.5

0.0

...................................................................................................................................................................................................................................

......................................................................................................

............. e e e e e o e - » ‘ A !e pOtBnﬁaf R

CA 02970178 2017-06-08
A o .

3/6

e

R R R R et S et il RN AP CEOIR T AT LR Y XTI AT A ST AT LT LT
H . A . . .

. P -

. .

: .

H .

» . o .

» . . .

. & Redox Polential

& Cument Dansity |

Nenrms s vmramns B A A, SR A 8 LA,

B I i L e A et A A R R R R R R R I R e OO

0 20 40 60 80 100 120

Time [min]

Figure 3

...........................................................

o 0.25

L
.
<

0,10

0,05

- 0.00

Current Density [A/lcm?]



Redox Potential [V]

1,40

1.35 4

1.30

1.25

1.20

1.15

1.40

CA 02970178 2017-06-08

»

4/6

.05

1.00

0 20 40

5 ¢

60
Time frmin]

Figure 4

. Current Density |

80 100 120

0,30
Jone
I
015
il 0.10.
0.05

| 0.00

Current Density



Potential [V]

12

10

08

08-

04

CA 02970178
“

516

2017-06-08
I Y ]

0,2

O 50

150
Time [s]

Figure 5

v
v
-

................................................................................................................................................................................................................................................................................................................................

@ Redex Potentiat

1

. C8§ \fgga‘ga:

''''''''''''''''''' DN At R A e UL R AL R - AR R AL AL AL RN AL AL AL AN

250

- Cathode Potential,

{
- SO—

300



CA 02970178 2017-06-08
] W *

6/6

s A AR L L R R N R Ry N N

Figure 6

»raevd é

VVVVVVV

VAL

. g . .
PR VAN IRY IRRAV AV AR LAY A A B8

A

" x;.

NpN P ULl ANANY )

- difdt < x

. o .
>
R P

L ~
RN T TR T



ﬂfﬁ;"

‘fﬁ kS
A
REARRAY

o=

Yo

‘Fi’gure i




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	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 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - abstract drawing

