
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
EP

3 
06

3 
82

0
B

1
*EP003063820B1*

(11) EP 3 063 820 B1
(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
02.12.2020 Bulletin 2020/49

(21) Application number: 14858186.1

(22) Date of filing: 31.10.2014

(51) Int Cl.:
H01M 8/18 (2006.01) H01M 8/20 (2006.01)

H01M 8/04186 (2016.01)

(86) International application number: 
PCT/US2014/063290

(87) International publication number: 
WO 2015/066398 (07.05.2015 Gazette 2015/18)

(54) APPARATUS AND METHOD FOR DETERMINING STATE OF CHARGE IN A REDOX FLOW 
BATTERY VIA LIMITING CURRENTS

VORRICHTUNG UND VERFAHREN ZUR BESTIMMUNG DES LADEZUSTANDS EINER 
REDOXDURCHFLUSSBATTERIE DURCH BEGRENZUNGSSTRÖME

APPAREIL ET PROCÉDÉ PERMETTANT DE DÉTERMINER L’ÉTAT DE CHARGE DANS UNE 
BATTERIE À FLUX D’OXYDORÉDUCTION VIA DES COURANTS LIMITEURS

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 01.11.2013 US 201361898635 P

(43) Date of publication of application: 
07.09.2016 Bulletin 2016/36

(73) Proprietor: Lockheed Martin Energy, LLC
Bethesda MD 20817 (US)

(72) Inventors:  
• KING, Evan, R.

Quincy, MA 02169 (US)
• DUFFEY, Kean

Brighton MA 01235 (US)
• MORRIS-COHEN, Adam

Arlington, MA 02474 (US)
• GOELTZ, John

Cambridge, MA 02141 (US)
• REECE, Steven, Y.

Cambridge, MA 02139 (US)

(74) Representative: Epping - Hermann - Fischer
Patentanwaltsgesellschaft mbH 
Schloßschmidstraße 5
80639 München (DE)

(56) References cited:  
CA-A1- 2 236 848 CA-A1- 2 823 963
US-A1- 2011 081 563 US-A1- 2012 263 986

• POP V ET AL: "REVIEW ARTICLE; State-of-the-art 
of battery state-of-charge determination; Review 
Article", MEASUREMENT SCIENCE AND 
TECHNOLOGY, IOP, BRISTOL, GB, vol. 16, no. 
12, 31 October 2005 (2005-10-31), pages 
R93-R110, XP020090492, ISSN: 0957-0233, DOI: 
10.1088/0957-0233/16/12/R01

• CORCUERA, SARA ET AL.: ’State-of-charge 
monitoring and electrolyte rebalancing methods 
for the vanadium redox flow battery’ EUROPEAN 
CHEMICAL BULLETIN vol. 1, no. 12, 2012, pages 
511 - 519, XP055099489

• SKYLLAS-KAZACOS, MARIA ET AL.: ’State of 
charge monitoring methods for vanadium redox 
flow battery control’ JOURNAL OF POWER 
SOURCES vol. 196, no. 20, 2011, pages 8822 - 
8827, XP002699448

• POP, V. ET AL.: ’State-of-the-art of battery 
state-of-charge determination’ MEASUREMENT 
SCIENCE AND TECHNOLOGY vol. 16, no. 12, 
2005, pages R93 - R110, XP020090492



EP 3 063 820 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

TECHNICAL FIELD

[0001] The present invention relates to electrochemical systems, e.g. redox flow batteries and methods and appara-
tuses for monitoring the compositions of the electrolytes therein.

BACKGROUND

[0002] Flow batteries are electrochemical energy storage systems in which electrochemical reactants, typically redox
active compounds, are dissolved in liquid electrolytes, which are individually contained in negolyte and posolyte loops
and circulated through reaction cells where electrical energy is either converted to or extracted from chemical potential
energy in the reactants by way of reduction and oxidation reactions. Especially in larger systems, which may comprise
multiple electrochemical cells or stacks, it is important to be able to monitor the state of charge of each of the electrolytes,
for example to know when the flow battery is "full" or "empty" before actually realizing these end states.
[0003] Additionally, for optimal performance, the initial state of such a system provides that the negolyte and posolyte
contain equimolar quantities of the redox active species and that the negolyte state of charge and posolyte state of
charge are equivalent. But after the system has experienced some number of charge/discharge cycles, the posolyte
and negolyte may become imbalanced because of side reactions during these operations - for example, generation of
hydrogen or oxygen from water if overpotential conditions are breached - causing the imbalance and associated loss of
performance.
[0004] An imbalanced state may be corrected by processing the electrolyte in a rebalancing cell. But before this can
be done, it is necessary to assess the state of charge of the system and often the individual electrolytes. State of charge
for flow batteries is a way of expressing the ratio of concentrations of charged to uncharged active material. State of
charge monitoring for flow battery electrolyte has typically been done using spectroscopic methods or by potential
measurements. Spectroscopic measurements typically rely on well-established spectroscopic methods, most often re-
lying on a color change and measurement by UV-Visible spectroscopy. Electrochemical measurements are a more
direct way to establish state of charge. Most of these methods are based on measuring the potential of the electrolyte
solution, which may be related to the concentration ratio through the Nernst equation. Such potential measurements
require a reference electrode which can be prone to potential drift and ’fouling’ when in contact with electrolyte for
extended periods, making it difficult to obtain the absolute potential of the solution relative to a defined standard. For
certain electrolyte compositions the relationship between state of charge and potential may not be accurately described
by the Nernst equation.
[0005] The present invention addresses some of these deficiencies.
[0006] CA 2 236 848 A1 discloses a method for determining the concentration of a reduced or oxidized form of a redox
species in an electrochemical cell of the kind comprising a working electrode and a counter electrode spaced from the
working electrode such that reaction products from the counter electrode arrive at the working electrode, the method
comprising the steps of applying an electric potential between the electrodes, such that the electro-oxidation of the redox
species is diffusion controlled, determining the current as a function of time, estimating the magnitude of the steady state
current, reversing the potential, again determining current as a function of time and estimating the reverse potential
steady state.
[0007] CA 2 823 963 A1 discloses a method for detecting or monitoring proteolysis of a crosslinked proteinaceous
matrix comprising; providing a working electrode, a counter electrode and a crosslinked proteinaceous matrix wherein
the proteinaceous matrix is in contact with at least a portion of at least one electrode;contacting the working electrode,
counter electrode and crosslinked proteinaceous matrix with an electrolytic solution comprising an electroactive species;
applying a potential thereby generating an electrochemical current through said working electrode; measuring said
current at a plurality of times; and comparing at least two of the measurements wherein a difference between the
measurements is indicative of degradation of said proteinaceous matrix. This document further discloses a system for
voltammetric detection or monitoring of proteolysis of a crosslinked proteinaceous matrix, the system comprising: a
working electrode; a counter electrode to which a potential is applied; a current registration unit arranged to register
current passed through the working electrode; a control unit arranged to control said potential and said working electrode,
said control unit further arranged to read current values from said current registration unit at predetermined times; a data
storage unit for storing said current values; and a processing unit arranged to analyze the stored current values using
a predetermined mathematical model and to output a result from the analysis.

SUMMARY

[0008] The above object is achieved by providing a method according to claim 1 and a device according to claim 16.
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Preferred embodiments are set forth in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The present application is further understood when read in conjunction with the appended drawings. For the
purpose of illustrating the subject matter, there are shown in the drawings exemplary embodiments of the subject matter;
however, the presently disclosed subject matter is not limited to the specific methods, devices, and systems disclosed.
In addition, the drawings are not necessarily drawn to scale. In the drawings:

FIG. 1 describes one electrode configuration described herein.
FIG. 2 shows the relationship of current as a function of time for the oxidation and reduction of 1 M iron hexacyanide
at 20 mol% Fe3+ / 80 mol% Fe2+ using glassy carbon electrodes, as described in Example 1.
FIG. 3 shows the relationship of current as a function of time for the oxidation and reduction of 1 M iron hexacyanide
at 60 mol% Fe3+ / 40 mol% Fe2+ using glassy carbon electrodes, as described in Example 1.
FIG. 4 shows the relationship of current as a function of time for the oxidation and reduction of 1 M iron hexacyanide
at 95 mol% Fe3+ / 5 mol% Fe2+ using glassy carbon electrodes, as described in Example 1.
FIG. 5 shows the relationship of current as a function of time for the oxidation and reduction of 0.92 M iron hexacyanide
at 36 mol% Fe3+ / 64 mol% Fe2+ using glassy carbon electrodes, as described in Example 2.
FIG. 6 shows the relationship of current as a function of time for the oxidation and reduction of 0.92 M iron hexacyanide
at 53.4 mol% Fe3+ / 46.6 mol% Fe2+ using glassy carbon electrodes, as described in Example 2.
FIG. 7 shows the relationship of current as a function of time for the oxidation and reduction of 0.92 M iron hexacyanide
at 76.8 mol% Fe3+ / 23.2 mol% Fe2+ using glassy carbon electrodes, as described in Example 2.
FIG. 8 shows the relationship of current as a function of time for the oxidation and reduction of 0.92 M iron hexacyanide
at 100 mol% Fe3+ / 0 mol% Fe2+ using glassy carbon electrodes, as described in Example 2.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0010] The present invention relates to electrochemical systems, e.g. redox flow batteries and methods and appara-
tuses for monitoring the compositions of the electrolytes (posolyte or negolyte or both) therein. In particular, the present
invention relates to methods and configurations whose use consists essentially of a first stationary working electrode
and a first counter electrode (or two pairs of working and counter electrodes) to measure the ratio of oxidized and reduced
forms of a redox couple, and so the state of charge of an electrolyte. The methods of this invention are based on the
use of limiting current between a set of electrodes and do not rely on a reference electrode to measure or control potential.
When used as part of a control and monitoring system for a redox flow battery (or other electrochemical device) as
feedback for charge and discharge cycles and an indicator in any state of charge loss or imbalance that may occur
during operation, this invention thereby allows the adjustment of the ratio or state of charge for optimal performance of
the electrochemical device. Methods and a device according to the invention are defined in the appended claims.
[0011] The present invention may be understood more readily by reference to the following description taken in con-
nection with the accompanying Figures and Examples, all of which form a part of this disclosure. It is to be understood
that this invention is not limited to the specific products, methods, conditions or parameters described and / or shown
herein, and that the terminology used herein is for the purpose of describing particular embodiments by way of example
only and is not intended to be limiting of any claimed invention. Similarly, unless specifically otherwise stated, any
description as to a possible mechanism or mode of action or reason for improvement is meant to be illustrative only,
and the invention herein is not to be constrained by the correctness or incorrectness of any such suggested mechanism
or mode of action or reason for improvement. Throughout this text, it is recognized that the descriptions refer to com-
positions and methods of making and using said compositions. That is, where the disclosure describes and/or claims a
feature or embodiment associated with a system or apparatus or a method of making or using a system or apparatus,
it is appreciated that such a description and/or claim is intended to extend these features or embodiment to embodiments
in each of these contexts (i.e., system, apparatus, and methods of using).
[0012] In the present disclosure the singular forms "a," "an," and "the" include the plural reference, and reference to
a particular numerical value includes at least that particular value, unless the context clearly indicates otherwise. Thus,
for example, a reference to "a material" is a reference to at least one of such materials and equivalents thereof known
to those skilled in the art, and so forth.
[0013] When a value is expressed as an approximation by use of the descriptor "about," it will be understood that the
particular value forms another embodiment. In general, use of the term "about" indicates approximations that can vary
depending on the desired properties sought to be obtained by the disclosed subject matter and is to be interpreted in
the specific context in which it is used, based on its function. The person skilled in the art will be able to interpret this as
a matter of routine. In some cases, the number of significant figures used for a particular value may be one non-limiting
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method of determining the extent of the word "about." In other cases, the gradations used in a series of values may be
used to determine the intended range available to the term "about" for each value. Where present, all ranges are inclusive
and combinable. That is, references to values stated in ranges include every value within that range.
[0014] It is to be appreciated that certain features of the invention which are, for clarity, described herein in the context
of separate embodiments, may also be provided in combination in a single embodiment. That is, unless obviously
incompatible or specifically excluded, each individual embodiment is deemed to be combinable with any other embod-
iment(s) and such a combination is considered to be another embodiment. Conversely, various features of the invention
that are, for brevity, described in the context of a single embodiment, may also be provided separately or in any sub-
combination. Finally, while an embodiment may be described as part of a series of steps or part of a more general
structure, each said step may also be considered an independent embodiment in itself, combinable with others.
[0015] When a list is presented, unless stated otherwise, it is to be understood that each individual element of that
list, and every combination of that list, is a separate embodiment. For example, a list of embodiments presented as "A,
B, or C" is to be interpreted as including the embodiments, "A," "B," "C," "A or B," "A or C," "B or C," or "A, B, or C."
[0016] The following descriptions are believed to be helpful in understanding the present invention(s). Starting from
first principles, an electrolyte in a flow battery consists of an active material which can store electrons; the active material
thus exists in both a charged state and a discharged (or uncharged) state. If all the active material is discharged the
electrolyte is said to have a state of charge of 0%, conversely, if all the active material is in the charged state the state
of charge is 100%. At any intermediate state of charge (0% < SOC < 100%) there will be a non-zero concentration of
both charged active material and discharged active material. When current is passed through an electrode in contact
with such an electrolyte molecules of the active material will either charge or discharge depending on the potential of
the electrode. For an electrode of finite area the limiting current density (ilimiting) will be proportional to the concentration
of the species being consumed by the electrochemical process.
[0017] For example if an active material at 50% SOC has an equilibrium potential of 0 V, and an electrode is held at
+100 mV, discharged active material will be converted to charged active material and a current for this oxidation can be
measured at the electrode. Assuming the volume and concentration of the active material is large the SOC will not
change significantly, and the current will approach a constant value after the voltage has been held for a short time. This
limiting current density (ilim, current per unit electrode surface area) depends on the bulk concentration (C) of the dis-
charged active material (the species being depleted), the diffusion coefficient (D) of the discharged active material, the
thickness of the diffusion layer (δ), and the number of electrons (n) transferred in the reaction according to the following
equation: 

[0018] Thus if the diffusion coefficient and diffusion layer thickness are known the concentration of charged active
material or discharged active material can be directly determined by measuring the limiting current during oxidative or
reductive traversal of the electrochemical couple. In practice precise determination of D and δ are non-trivial, so this
invention will rely only on determining the concentration ratio of the charged active material to discharged active material
by measuring the ratio of limiting currents for the oxidative and reductive process.
[0019] For a reversible electrochemical couple there is minimal structural or chemical change between the charged
and discharged molecular species (for quasi-reversible or less reversible electrochemical couples, the same principles
are in play, albeit with increasing associated errors. In some applications, these increasing errors may be acceptable
or correctable, so as to allow the present methods to be used with these systems as well). This means that for the
oxidative process (ox) and reductive process (red), the diffusion coefficients and diffusion layer thickness will be similar
for both processes, i.e. Dox ≈ Dred and δox ≈ δred. Faraday’s constant and the number of electrons will be unchanged
such that: 

where A can either be unity (in the ideal case) or a correction constant to account for differences in the diffusion coefficient
or diffusion layer as determined experimentally by other methods. Cox is the concentration of the oxidized form of the
active material (depleted upon reduction), and Cred is the concentration of the reduced form of the active material
(depleted upon oxidation). The ratio of concentrations (or limiting currents) can be easily converted to SOC as a per-
centage: 
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Despite the apparent simplicity of this approach, it does not appear that these relationships have been recognized or
applied by those skilled in the art of electrochemistry to flow battery systems.
[0020] In practice, the above equations represent an ideal case, and the ratio of currents may need to be related to
the state of charge in a more empirical fashion. In the case of using multiple sets of electrodes the surface areas of the
working electrodes may be selected such that they are not equivalent, in which case the ratio of currents and the ratio
of current densities would be inequivalent (Iox/Ired ≠ iox/ired). Additionally the diffusion coefficients and diffusion layer
thicknesses for the oxidized and reduced species, though similar, will not be equivalent. In some embodiments the
potential holds chosen may be such that the difference between the oxidative hold and E1/2 and the difference between
the reductive hold and E1/2 are not the same magnitude, such that even with no change in diffusion characteristics (Dox
= Dred and δox = δox) the proportionality constant A may be significantly different from unity.
[0021] These factors can be accounted for by calibrating the limiting current technique across the state of charge
range. For example the oxidative and reductive currents for a particular mode of operation (surface areas, potential
magnitudes, etc.) would be measured at multiple SOC’s. The state of charge could be independently measured by
another technique such as spectroscopy or charge counting. The current ratio Iox/Ired could then be related to Cox/Cred
determined from the independent method via a proportionality constant (i.e. A in the above equations) or by a more
complex formula. Alternatively Iox/Ired could be immediately converted to a ’raw’ SOC by making no such correction, but
then subsequently the ’raw’ SOC could be related to the independently measured SOC to give the appropriate correction
factor or formula.
[0022] The limiting current for either the oxidative or reductive process can be measured by a simple three electrode
experiment (working, counter, and reference). For example if the E1/2 for an electrolyte couple is 0 V vs. Ag+/Ag0 the
working electrode could be held at +100 mV vs. Ag+/Ag0, and the current measured vs. time. After a short time the
current would reach a near constant value which would establish the limiting oxidative current Ilim,ox. Repeating the
experiment at -100 mV vs. Ag+/Ag0 would establish the limiting reductive current Ilim,red. If the same electrode were used
in each experiment the surface area would be the same and the current ratio would be equivalent to the current density
ratio from which the concentration ratio could be determined.
[0023] However, a reference electrode is not required to obtain similar information. When a third reference electrode
is not employed, the first and second potentials at the first working electrode are generally applied relative to the first
counter electrode; the potential is held relative to the solution potential measured at the counter electrode. In this scenario
any electrolyte couple has a potential of 0 V vs. solution potential, and the working electrode can be held at either positive
or negative potential vs. that solution potential (e.g., +100 mV for the oxidation, or -100 mV for the reduction). Again the
limiting current can be measured once it becomes constant or near constant.
[0024] With this background, it is possible to enumerate at least some of the many embodiments of the present invention.
[0025] Certain embodiments provide methods of determining the ratio of oxidized and reduced forms of a redox couple
in solution, each method comprising:

(a) contacting a first stationary working electrode and a first counter electrode to the solution;
(b) applying a first potential at the first working electrode and measuring a first constant current;
(c) applying a second potential at the first working electrode and measuring a second constant current;

wherein the sign of the first and second currents are not the same; and
wherein the ratio of the absolute values of the first and second currents reflects the ratio of the oxidized and reduced
forms of the redox couple in solution, according to the equations described above. This ratio may be used simply to
monitor an electrochemical cell either at various intervals or in real-time, so as to know when to adjust the current inputs
or outputs from said system. Alternatively, when such methods are individually applied to both of the posolyte and
negolyte of an electrochemical, a comparison of the ratios may be used as a basis for determining the need for rebalancing
either or both of the electrolytes. For example, additional embodiments include those comprising the steps already
described in this paragraph, and further comprising (d) oxidizing or reducing the solution, so as to alter the balance of
the oxidized and reduced forms of the redox couple in solution, to a degree dependent on the ratio of the absolute values
of the first and second currents. These embodiments may be used in the context of maintaining an electrochemical cell,
stack, or system.
[0026] Whether described as methods of determining the ratio of oxidized and reduced forms of a redox couple in
solution or methods of maintaining an electrochemical cell, stack, or system, in certain of these methods employing a
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first stationary working electrode and a first counter electrode, the methods may be conducted in the absence or presence
of a third (reference) electrode. That is, use of a reference or third electrode is not necessarily required.
[0027] The methods may be conducted such that the first potential is more positive than the equilibrium potential of
the redox couple; and the second potential is more negative than the equilibrium potential of the redox couple. In other
sometimes overlapping embodiments, the magnitude of the difference between the first potential and the equilibrium
potential and the magnitude of the difference between the equilibrium potential and the second potential are substantially
the same. These methods may be done such that the first and second potentials may be, but are not necessarily, of
substantially the same magnitude but opposite in sign. As used herein in the context of potential differences, the term
"substantially the same" is intended to connote a difference of less than about 20%, relative to the mean of the two
values. In practice, the user will likely seek to achieve near parity of magnitudes, as much as practicably possible, but
additional provide that this difference is less than 25%, 15%, 10%, or 5%, relative to the mean value of the two potentials.
[0028] The working and counter electrodes are typically, but not necessarily, differently sized, for example, such that
the first working and counter electrodes each has a surface area contacting the solution, and the surface area of the
working electrode is less than that of the counter electrode. Such an arrangement encourages the limiting of the current
to be at the working electrode. Without being bound by the correctness or incorrectness of any particular theory, it is
believed that if the counter electrode becomes smaller (relative to the working electrode) the current will then be limited
at the counter and not the working electrode, the sign of the currents will still be set by the sign of the potential, but the
magnitude will now be controlled by reactions at the counter which is the opposite direction of the reaction occurring at
the working electrode. The calculations may be adjusted for this difference, so long as it is appreciated (i.e., in such
circumstances, the roles of the working and counter electrodes have been reversed). Using a larger size ratio avoids
any confusion or contribution of effects at both electrodes. In certain preferred embodiments, the surface area of the
first working electrode is less than about 20%, more preferably in a range of about 1% to 10%, of that of the first counter
electrode, through additional embodiments provide that the surface area of the first working electrode may be from about
5%, 10%, 20%, 30%, 40%, or 50% to about 90%, 80%, 70%, 60%, or 50% of the first counter electrode.
[0029] In other embodiments, it is also possible to use two pairs of electrodes, operating in tandem to the same effect
as the single pair configuration. That is, certain embodiments provide methods of determining the ratio of the oxidized
and reduced forms of a redox couple in solution, each method comprising:

(a) contacting a first stationary working electrode and a first counter electrode to the solution;
(b) contacting a second stationary working electrode and a second counter electrode to the solution;
(c) applying a first potential at the first working electrode relative to the first counter electrode and measuring a first
constant current for the first working electrode;
(d) applying a second potential at the second working electrode relative to the second counter electrode and meas-
uring a second constant current for the second working electrode;

wherein the first and second currents have opposite signs; and
wherein the ratio of the absolute values of the first and second currents reflects the ratio of the oxidized and reduced
forms of the redox couple in solution. Analogous to the single electrode pair arrangement, this ratio may be used simply
to monitor an electrochemical cell either at various intervals or in real-time, so as to know when to adjust the current
inputs or outputs from said system. Alternatively, when such methods are individually applied to both of the posolytes
and negolytes of an electrochemical, a comparison of the ratios may be used as a basis for determining the need for
rebalancing either or both of the electrolytes. For example, additional embodiments include those comprising the steps
already described in this paragraph, and further comprising (e) oxidizing or reducing the solution, so as to alter the
balance of the oxidized and reduced forms of the redox couple in solution, to a degree dependent on the ratio of the
absolute values of the first and second currents. These embodiments may be also be used in the context of maintaining
an electrochemical cell, stack, or system. In the case of these twin pair electrode arrangements, the first and second
potentials are applied at each electrode pair at the same time (simultaneously) or at staggered times.
[0030] Whether described as methods of determining the ratio of oxidized and reduced forms of a redox couple in
solution or methods of maintaining an electrochemical cell, stack, or system, in certain of these methods employing twin
pairs of stationary working electrodes and counter electrodes, the methods may be conducted in the absence or presence
of third (reference) electrodes. That is, use of a reference or third electrode is not necessarily required. When a third
reference electrode is not employed, the first and second potentials at the first working electrode are generally applied
relative to the respective counter electrode.
[0031] The terms "twin pairs" or "matched pairs" of stationary working electrodes and counter electrodes is not intended
to connote that the respective electrodes are necessarily of identical or complementary sizes, or that the first working
electrode only works with the first counter electrode and that the second working electrode only works with the second
counter electrode, though in fact either of these conditions may be true. Rather, the terms are intended to connote that
two sets of similarly sized electrodes are present and used, alternatively if sets of differently sized electrodes are used
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this difference may need to be appreciated and adjusted for in calculation. However, in preferred embodiments where
so-called twin pairs of electrodes are used, the working and counter electrode of each pair are positioned to be spatially
close to one another, while each pair are positioned to be spatially separated to prevent cross currents. One pair would
be polarized to a positive potential to measure the oxidative limiting current, and one pair would be polarized negatively
to measure the reductive limiting current.
[0032] Such a device would hold each pair of electrodes at the appropriate potentials and measure the current through
each loop. The ratio of the limiting currents can be directly displayed or recorded and will be equivalent, or practically
equivalent provided equal or near equal working electrode surface areas, to the ratio of the limiting / constant current
densities and equivalent (or proportional) to the concentration ratio. Concerns about the electrode surface area changing
over time can be alleviated by periodically switching which pair was measuring the reductive process and which the
oxidative process, such that any change in surface area (as a result of electrode fouling) would occur evenly on both
electrodes. The invention also extends to a device capable of acting as a simple potentiostat to hold each pair of electrodes
at constant potential and measure the resulting current, and a simple algorithm to compute the ratio of the currents and
convert it to concentrations or states of charge based on other user inputs.
[0033] In certain embodiments, where the first and second working electrodes and the first and second counter elec-
trodes each have a surface contacting the solution, each of the first and second working electrode surface areas may
be less than the respective or individual areas of the first and second counter electrodes, such that the current response
is be determined only or predominantly by limiting (constant) current densities of the working electrodes. In other em-
bodiments, sometimes overlapping, each surface area of the first and second working electrodes is substantially the
same and each of the first and second counter electrodes is substantially the same. The term "substantially the same"
in this context refers to areas within about 10% of one another. In practice, one would probably just use two similarly
sized (e.g., same model number) working electrodes as manufactured. As significant variances in size would provide
for a significant source of error, the skilled artisan would likely look for electrodes in which the difference in areas to be
close to or within the manufacturer’s specification for the stated area of the electrode.
[0034] As in the single electrode pair arrangement, the relative surface areas of the working and counter electrodes
may be configured such that, in certain preferred embodiments the surface areas of the first and second working electrodes
are each less than about 20%, more preferably in a range of about 1% to about 10%, of the surface areas of the first
and second counter electrodes, respectively, through additional embodiments provide that the surface area of the working
electrodes may be from about 5%, 10%, 20%, 30%, 40%, or 50% to about 90%, 80%, 70%, 60%, or 50% of the respective
counter electrodes.
[0035] As with the single pair systems, the methods employing twin pairs of electrodes may be conducted such that
the first potential is more positive than the equilibrium potential of the redox couple; and the second potential is more
negative than the equilibrium potential of the redox couple. In other embodiments, sometimes overlapping, the magnitude
of the difference between the first potential and the equilibrium potential and the magnitude of the difference between
the equilibrium potential and the second potential are substantially the same. These methods may be done such that
the first and second potentials may be, but are not necessarily, of substantially the same magnitude but opposite in sign.
[0036] Whether using one or two pair electrode systems, additional individual embodiments provide that the ratio of
the oxidized and reduced forms of the redox couple are in a range of from about 1:99, 5:95, 10:90, 15:85, 20:80, 25:75,
30:70, 35:65, 40:60, 45:55, 50:50, 55:45, 60:40, 65:35, 70:30, 75:25, 80:20, 85:15, 90:10, 95:5, or about 99:1. In preferred
embodiments, the ratio of the oxidized and reduced forms of the redox couple are in a range of from about 20:80 to
about 80:20.
[0037] The methods are flexible in their utility with a range of redox couples and electrolytes, including those couples
comprising a metal or metalloid of Groups 2-16, including the lanthanide and actinide elements; for example, including
those where the redox couple comprises Al, As, Ca, Ce, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Sb, Se, Si, Sn, Ti, V, W, Zn,
or Zr, including coordination compounds of the same, and either with aqueous or non-aqueous electrolyte solutions.
Additionally, the methods are useful in flowing or static electrolytes. In such cases, it is highly preferred that the voltages
applied are appropriate or the local flow around the working electrode(s) is low enough to allow the limiting current to
be reached.
[0038] For reasons described above, the methods are particularly suited for use with reversible redox couples, but
may also be used with quasi-reversible couples.
[0039] Additionally, the methods are flexible in their choice of electrode materials, though in certain preferred embod-
iments, at least one of the working electrodes or counter electrodes comprises an allotrope of carbon, including doped
forms of carbon, more preferably comprising graphite or diamond.
[0040] The methods have been described thus far in terms of first and second constant currents. This constant current
can be calculated from analysis of a current vs. time plot. In preferred embodiments, reference to "constant currents"
refer to stable, limiting currents which establish after extended application (e.g., one minute) of the respective first and
second potentials. However, for the sake of clarity, the constancy of at least one of the first or second current may also
be characterized as exhibiting a change of less than 0.1% over one second or by a change of less than 1 % over ten
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seconds. In other embodiments, constancy of current may also refer to less than 5%, 2%, 1%, 0.5%, or 0.1% over
periods of 1, 2, 5, 10, 20, or 60 seconds. Obviously, lesser changes over longer times are more likely to reflect more
stable and useful results.
[0041] Because these methods are useful in any application where it is not necessary to quantify individual oxidized
and reduced forms of a redox couple, for example where the absolute concentration of the couple is fixed and only the
ratio of the forms is changing, the methods are particularly suited for use in flow battery systems, wherein the solution
is contained within a half-cell fluidic loop of an operating electrochemical cell (for example an operating flow battery cell
or loop), said operating electrochemical cell generating or storing electrical energy. In those methods described above
as comprising oxidizing or reducing the solution, so as to alter the balance of the oxidized and reduced forms of the
redox couple in solution, to a degree dependent on the ratio of the absolute values of the first and second currents,
additional embodiments provide that this be done electrochemically. In other embodiments, this may be accomplished
by the addition of chemical oxidizing or reducing agents. Where done electrochemically, the oxidizing or reducing of the
solution may be done in a rebalancing subsystem, for example, in cases where the state of charge of the negolyte and
state of charge of the posolyte were different from one another or from the desired state. In other embodiments, for
driving the storage or retrieval of energy, the state of charge monitor can be used as the control for rate, step times,
stopping times, and other operational features, in which case the electrochemical method may be done by the main flow
battery cell, stack, or system.
[0042] To this point, the invention has been described in terms of methods of determining the ratio of oxidized and
reduced forms of a redox couple in solution or methods of maintaining the balance in electrochemical systems, but it
should be appreciated that other embodiments include those systems and associated characteristics useful in employing
these methods. That is, certain other embodiments provide energy storage systems, each system comprising:

(a) a fluidic loop containing a first electrolyte solution and a separate fluidic loop containing a second electrolyte
solution; and
(b) at least one pair of electrodes each independently in fluidic contact with the first electrolyte solution or each of
the first and second electrolyte solutions, each pair of electrodes consisting of a first stationary working electrode
and a first counter electrode. These electrolyte solutions and electrodes may comprise any of the characteristics
and configurations described above for the methods.

[0043] Other embodiments provide that the energy storage system further comprises
(c) a control system, including a power source and sensors, associated with each pair of electrodes, said control system
configured to be capable of applying first and second electric potentials at each of the first working electrodes relative
to the first counter electrodes, and measuring the first and second currents associated with said electric potential.
[0044] Still further embodiments provide that the energy storage system still further comprises: (d) software capable
of calculating the ratio of the absolute values of the first and second currents between each electrode pairs, which reflects
the ratio of the oxidized and reduced forms of the redox couple in solution.
[0045] In additional embodiments, the energy storage system even further comprises at least one rebalancing sub-
system associated with each electrode pair, said rebalancing system in fluid communication with the first electrolyte
loop or with each of the first and second electrolyte loops, said rebalancing sub-system controllable by the control system
to oxidize or reduce the electrolyte solution(s) in the respective rebalancing sub-system in response to the calculated
ratio of the absolute values of the first and second currents between each electrode pairs.
[0046] In any one of the embodiments, the first electrolyte solution may be a posolyte solution and the second electrolyte
solution may be a negolyte solution. In other embodiments, the nature of the electrolytes is reversed, such that the first
electrolyte solution is a negolyte solution and the second electrolyte solution is a posolyte solution.
[0047] More broadly, the device is not limited to energy storage / releasing systems, and certain embodiments provide
for devices, each device comprising:

(a) at least one pair of electrodes that can each independently be in fluidic contact with an electrolyte solution, each
pair of electrodes consisting of a first stationary working electrode and a first counter electrode; and
(b) a control system, including a power source and sensors, associated with each pair of electrodes, said control
system configured to be capable of applying first and second electric potentials at each of the first working electrodes
relative to the first counter electrodes, and measuring the first and second currents associated with said electric
potential; and
(c) software capable of calculating the ratio of the absolute values of the first and second currents between each
electrode pairs, which reflects the ratio of the oxidized and reduced forms of the redox couple in solution.
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Terms

[0048] Throughout this specification, words are to be afforded their normal meaning, as would be understood by those
skilled in the relevant art. However, so as to avoid misunderstanding, the meanings of certain terms will be specifically
defined or clarified.
[0049] As used herein, the term "redox couple" is a term of the art generally recognized by the skilled electrochemist
and refers to the oxidized (electron acceptor) and the reduced (electron donor) forms of the species of a given redox
reaction. The pair Fe(CN)6

3+ / Fe(CN)6
4+ is but one, non-limiting, example of a redox couple. Similarly, the term "redox

active metal ion" is intended to connote that the metal undergoes a change in oxidation state under the conditions of
use. As used herein, the term "redox couple" may refer to pairs of organic or inorganic materials. As described herein,
inorganic materials may include "metal ligand coordination compounds" or simply "coordination compounds" which are
also known to those skilled in the art of electrochemistry and inorganic chemistry. A (metal ligand) coordination compound
may comprise a metal ion bonded to an atom, molecule, or ion. The bonded atom or molecule is referred to as a "ligand".
In certain non-limiting embodiments, the ligand may comprise a molecule comprising C, H, N, and/or O atoms. In other
words, the ligand may comprise an organic molecule or ion. In some embodiments of the present inventions, the coor-
dination compounds comprise at least one ligand that is not water, hydroxide, or a halide (F", Cl∼ B , Γ), though the
invention is not limited to these embodiments. Additional embodiments include those metal ligand coordination com-
pounds described in U.S. Patent Application Ser. No. 13/948,497, filed July 23, 2013.
[0050] Unless otherwise specified, the term "aqueous" refers to a solvent system comprising at least about 98% by
weight of water, relative to total weight of the solvent. In some applications, soluble, miscible, or partially miscible
(emulsified with surfactants or otherwise) co-solvents may also be usefully present which, for example, extend the range
of water’s liquidity (e.g., alcohols / glycols). When specified, additional independent embodiments include those where
the "aqueous" solvent system comprises at least about 55 wt%, at least about 60 wt%, at least about 70 wt%, at least
about 75 wt%, at least about 80%, at least about 85 wt%, at least about 90 wt%, at least about 95 wt%, or at least about
98 wt% water, relative to the total solvent. It some situations, the aqueous solvent may consist essentially of water, and
be substantially free or entirely free of co-solvents or other species. The solvent system may be at least about 90 wt%,
at least about 95 wt%, or at least about 98 wt% water, and, in some embodiments, be free of co-solvents or other species.
Unless otherwise specified, the term "non-aqueous" refers to a solvent system comprising less than 10% by weight of
water, generally comprising at least one organic solvent. Additional independent embodiments include those where the
"non-aqueous" solvent system comprises less than 50 wt%, less than 40 wt%, less than 30 wt%, less than 20 wt%, less
than 10%, less than 5 wt%, or less than 2 wt% water, relative to the total solvent.
[0051] In addition to the redox active materials, an aqueous electrolyte may contain additional buffering agents, sup-
porting electrolytes, viscosity modifiers, wetting agents, and the like.
[0052] As used herein, the terms "negative electrode" and "positive electrode" are electrodes defined with respect to
one another, such that the negative electrode operates or is designed or intended to operate at a potential more negative
than the positive electrode (and vice versa), independent of the actual potentials at which they operate, in both charging
and discharging cycles. The negative electrode may or may not actually operate or be designed or intended to operate
at a negative potential relative to the reversible hydrogen electrode. The negative electrode is associated with the first
aqueous electrolyte and the positive electrode is associated with the second electrolyte, as described herein.
[0053] The terms "negolyte" and "posolyte," as used herein, refer to the electrolytes associated with the negative
electrode and positive electrodes, respectively.
[0054] As used herein, unless otherwise specified, the term "substantially reversible couples" refers to those redox
pairs wherein the voltage difference between the anodic and cathodic peaks is less than about 0.3 V, as measured by
cyclic voltammetry, using an ex-situ apparatus comprising a flat glassy carbon disc electrode and recording at 100 mV/s.
However, additional embodiments provide that this term may also refer to those redox pairs wherein the voltage difference
between the anodic and cathodic peaks is less than about 0.2 V, less than about 0.1 V, less than about 0.075 V, or less
than about 0.059 V, under these same testing conditions. The term "quasi-reversible couple" refers to a redox pair where
the corresponding voltage difference between the anodic and cathodic peaks is in a range of from 0.3 V to about 1 V.
[0055] The term "stack" or "cell stack" or "electrochemical cell stack" refers to a collection of individual electrochemical
cells that are electrically connected. The cells may be electrically connected in series or in parallel. The cells may or
may not be fluidly connected.
[0056] The term "state of charge" (SOC) is well understood by those skilled in the art of electrochemistry, energy
storage, and batteries. The SOC is determined from the concentration ratio of reduced to oxidized species at an electrode
(Xred / Xox) by the equation:
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where A = 1 in ideal cases. For example, in the case of an individual half-cell, when Xred = Xox such that Xred / Xox = 1,
the half-cell is at 50% SOC, and the half-cell potential equals the standard Nernstian value, E°. When the concentration
ratio at the electrode surface corresponds to Xred / Xox = 0.25 or Xred / Xox = 0.75, the half-cell is at 25% and 75% SOC
respectively. The SOC for a full cell depends on the SOCs of the individual half-cells and in certain embodiments the
SOC is the same for both positive and negative electrodes.

EXAMPLES

[0057] The following Examples are provided to illustrate some of the concepts described within this disclosure. While
each Example is considered to provide specific individual embodiments of composition, methods of preparation and
use, none of the Examples should be considered to limit the more general embodiments described herein.
[0058] Example 1: Three samples of the redox couple iron(III) hexacyanide/iron(II) hexacyanide were prepared with
three distinct ratios of the oxidized (Fe3+) to reduced (Fe2+) species. The samples were prepared by the dissolution of
the potassium salts K4Fe(CN)6 and K3Fe(CN)6 in the appropriate molar ratios 20% Fe3+/80% Fe2+, 60% Fe3+/40% Fe,
and 95% Fe3+/5% Fe2+. The total concentration of iron in each sample was 1.0 M. In each case the state of charge
(SOC) of each solution was defined to be the percentage of the Fe3+ species.
[0059] A 0.3 cm diameter glassy carbon disc working electrode (Bioanalytical Systems, Inc.), with a surface area of
0.071 cm2, and a 0.4 cm glassy carbon rod (Alfa Aesar) with a surface area of approximately 5 cm2 were placed into
contact with each solution and connected to a potentiostat. The glassy carbon rod was connected as both the counter
and reference electrode.
[0060] For each sample, the potential of the working electrode was set to +0.1 V and held for 300 s while recording
the current (Ilim,ox). Subsequently the potential was set to -0.1 V and held for 300 s while recording the current (Ilim, red).
Measurements were taken without stirring of the solutions. The resulting currents are plotted in FIGs. 3, 4, and 5. The
current at 300 s was taken to be the constant current for each hold. The oscillation present in the current for the negative
potential holds is attributed to a limitation of the potentiostat, and not inherent to limiting current behavior at the electrode
or in the electrolyte. The measured constant currents, ratio of the currents, and the resulting SOC (or % Fe3+) are listed
in Table 1. The SOC was calculated using: 

with the coefficient A taken to be 1.

[0061] Example 2: Four additional samples of the redox couple iron(III) hexacyanide/iron(II) hexacyanide were pre-
pared as described in Example 1, with molar ratios 36.0% Fe3+/64.0% Fe2+, 53.4% Fe3+/46.6% Fe, 76.8% Fe3+/23.2%
Fe2+, and 100% Fe3+/0.00% Fe2+. The total concentration of iron in each sample was 0.92 M. Again, the state of charge
(SOC) of each solution is defined to be the percentage of the Fe3+ species.
[0062] A 0.3 cm diameter glassy carbon disc working electrode (Bioanalytical Systems, Inc.), with a surface area of
0.071 cm2, and a 0.4 cm glassy carbon rod (Alfa Aesar) with a surface area of approximately 5 cm2 were placed into

Table 1. Limiting Currents and SOC for Fe3+/Fe2+ Samples - Example 1

Calculated (as prepared) Experimental

SOC (%Fe3+) Ired/Iox Ilim, ox Ilim, red Ired/Iox SOC (%Fe3+)

20 0.25 -0.21 mA 0.08 mA 0.38 27

60 1.5 -0.16 mA 0.32 mA 2.0 67

95 19 -0.02 mA 0.27 mA 14 93
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contact with each solution and connected to a potentiostat. The glassy carbon rod was connected as both the counter
and reference electrode.
[0063] In these cases, the potential of the working electrode was set to +0.2 V and held for over 60 seconds while
recording the current (Ilim,ox). Subsequently the potential was set to - 0.2 V and held for over 60 seconds while recording
the current (Ilim, red). Measurements were taken without stirring of the solutions. The resulting currents are plotted in
FIGs. 6, 7, 8, and 9. The current at 60 s was taken to be the constant current for each hold. The measured constant
currents, ratio of the currents, and the resulting SOC (or % Fe3+) are listed in Table 2. The SOC was calculated using:

with the coefficient A taken to be 1.

[0064] As those skilled in the art will appreciate, numerous modifications and variations of the present invention are
possible in light of these teachings, and all such are contemplated hereby. For example, in addition to the embodiments
described herein, the present invention contemplates and claims those inventions resulting from the combination of
features of the invention cited herein and those of the cited prior art references which complement the features of the
present invention. Similarly, it will be appreciated that any described material, feature, or article may be used in combi-
nation with any other material, feature, or article, and such combinations are considered within the scope of this invention.

Claims

1. A method of determining the ratio of oxidized and reduced forms of a redox couple in solution, said method comprising:

(a) contacting a first stationary working electrode and a first counter electrode to the solution;
(b) applying a first potential at the first stationary working electrode relative to the first counter electrode and
measuring a first constant current; and
(c) applying a second potential at the first stationary working electrode relative to the first counter electrode and
measuring a second constant current;

wherein the first and second constant currentshave opposite signs; and
wherein the ratio of the absolute values of the first and second constant currents reflects the ratio of the
oxidized and reduced forms of the redox couple in solution, wherein the first and second potentials at the
first stationary working electrode are applied relative to the first counter electrode.

2. The method of claim 1, wherein the first potential is more positive than an equilibrium potential of the redox couple,
and the second potential is more negative than the equilibrium potential of the redox couple.

3. The method of claim 2, wherein the magnitude of the difference between the first potential and the equilibrium
potential and the magnitude of the difference between the equilibrium potential and the second potential are sub-
stantially the same.

Table 2. Limiting Currents and SOC for FeJ Fe Samples - Example 2

Calculated (as prepared) Experimental

SOC (%Fe3+) Ilim, ox Ilim, red Ired/Iox. SOC (%Fe3+)

36.0 -1.11 mA 0.548 mA 0.49 33.1

53.4 -0.791 mA 0.842 mA 1.06 51.6

76.8 -0.318 mA 1.23 mA 3.87 79.5

I(X) -0.00276 1.54 mA 556 99.8
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4. The method of any one of claims 1 to 3, wherein the first stationary working electrode and first counter electrode
each has a surface area contacting the solution, and the surface area of the first stationary working electrode
contacting the solution is less than that of the surface area of the first counter electrode contacting the solution,
preferably where the first stationary working electrode contacting the solution is less than 20% of the surface area
of the first counter electrode contacting the solution.

5. A method of determining the ratio of oxidized and reduced forms of a redox couple in solution, said method comprising:

contacting a first stationary working electrode and a first counter electrode to the solution;
contacting a second stationary working electrode and a second counter electrode to the solution;
applying a first potential at the first stationary working electrode relative to the first counter electrode and meas-
uring a first constant current for the first stationary working electrode; and
applying a second potential at the second stationary working electrode relative to the second counter electrode
and measuring a second constant current for the second stationary working electrode;

wherein the first and second constant currents have opposite signs; and
wherein the ratio of the absolute values of the first and second constant currents reflects the ratio of the
oxidized and reduced forms of the redox couple in solution.

6. The method of any one of claims 1 to 5, further comprising:
oxidizing or reducing the solution, so as to alter a balance of the oxidized and reduced forms of the redox couple in
solution, to a degree dependent on the ratio of the absolute values of the first and second constant currents.

7. The method of claim 5 or claim 6, wherein the first and second potentials are applied simul taneously.

8. The method of any one of claims 1 and 5 to 7, wherein the first and second potentials are of substantially the same
magnitude but opposite in sign.

9. The method of any one of claims 5 to 8, wherein the first and second stationary working electrodes and the first and
second counter electrodes each have a surface area contacting the solution, and each of the first and second
stationary working electrode surface areas is less than that of the first and second counter electrodes, preferably
where the first stationary working electrode contacting the solution is less than 20% of the surface area of the first
counter electrode contacting the solution.

10. The method of any one of claims 1 to 9, wherein the ratio of the oxidized and reduced forms of the redox couple
are in a range of from about 5:95 to 95:5 or about 20:80 to 80:20.

11. The method of any one of claims 1 to 10, wherein the redox couple is a reversible redox couple.

12. The method of any one of claims 6 to 11, wherein the surface areas of the first and second stationary working
electrodes are each less than about 20% of the surface areas of the first and second counter electrodes, respectively.

13. The method of any one of claims 1 to 12, wherein the solution is contained within a half-cell fluidic loop of an operating
flow battery or other electrochemical cell, said flow battery or other electrochemical cell generating or storing electrical
energy.

14. The method of any one of claims 1 to 13, wherein oxidizing or reducing the solution is done electrochemically.

15. The method of any one of claims 13 or 14, wherein said half-cell fluidic loop further comprises a rebalancing sub-
system, said oxidizing or reducing of the solution being done in the rebalancing sub-system.

16. A device comprising:

at least one pair of electrodes independently in fluidic contact with an electrolyte solution, each pair of electrodes
consisting of a first stationary working electrode and a first counter electrode;
a control system, including a power source and sensors, associated with each pair of electrodes, said control
system configured to be capable of applying first and second electric potentials at each of the first working
electrodes relative to the first counter electrodes, and measuring first and second constant currents associated
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with said first and second electrical potentials; and using a
software capable of calculating the ratio of the absolute values of the first and second currents between each
electrode pair, which reflects the ratio of the oxidized and reduced forms of a redox couple in solution further
comprising:
a fluidic loop containing a first electrolyte solution and a separate fluidic loop containing a second electrolyte
solution.

17. The device of claim 16, further comprising at least one rebalancing subsystem associated with each electrode pair,
said rebalancing system in fluid communication with the fluidic loop or with the fluidic loop and the separate fluidic
loop, said at least one rebalancing subsystem being controllable by the control system to oxidize or reduce the
electrolyte solution(s) in a respective rebalancing sub-system in response to a calculated ratio of the absolute values
of the first and second currents between each electrode pair.

18. The method of any one of claims 1 to 15, wherein the solution is present in an electrochemical system, preferably
in an electrochemical cell or in a redox flow battery.

19. The method of any one of claims 1 to 15, wherein the solution is present in a redox flow battery.

Patentansprüche

1. Verfahren zum Bestimmen des Verhältnisses von oxidierten und reduzierten Formen eines Redox-Paars in Lösung,
wobei das Verfahren umfasst:

(a) eine erste stationäre Arbeitselektrode und eine erste Gegenelektrode mit der Lösung in Kontakt zu bringen;
(b) Anlegen eines ersten Potentials an die erste stationäre Arbeitselektrode relativ zur ersten Gegenelektrode
und Messen eines ersten Konstantstroms; und
(c) Anlegen eines zweiten Potentials an die erste stationäre Arbeitselektrode relativ zur ersten Gegenelektrode
und Messen eines zweiten Konstantstroms;

wobei der erste und zweite Konstantstrom entgegengesetzte Vorzeichen haben; und
wobei das Verhältnis der Absolutwerte des ersten und zweiten Konstantstroms das Verhältnis der oxidierten
und reduzierten Formen des Redox-Paars in Lösung widerspiegelt, wobei das erste und zweite Potential
an der ersten stationären Arbeitselektrode relativ zur ersten Gegenelektrode angelegt werden.

2. Verfahren nach Anspruch 1, wobei das erste Potential stärker positiv als ein Gleichgewichtspotential des Redox-
Paars ist, und das zweite Potential stärker negativ als das Gleichgewichtspotential des Redox-Paars ist.

3. Verfahren nach Anspruch 2, wobei die Höhe des Unterschieds zwischen dem ersten Potential und dem Gleichge-
wichtspotential und die Höhe des Unterschieds zwischen dem Gleichgewichtspotential und dem zweiten Potential
im Wesentlichen gleich groß sind.

4. Verfahren nach einem der Ansprüche 1 bis 3, wobei die erste stationäre Arbeitselektrode und die erste Gegene-
lektrode jeweils einen Oberflächenbereich in Kontakt mit der Lösung haben, und der Oberflächenbereich der ersten
stationären Arbeitselektrode, der in Kontakt mit der Lösung ist, kleiner ist als der Oberflächenbereich der ersten
Gegenelektrode, der in Kontakt mit der Lösung ist, vorzugsweise wobei die erste stationäre Arbeitselektrode, die
in Kontakt mit der Lösung ist, weniger als 20% des Oberflächenbereichs der ersten Gegenelektrode beträgt, der in
Kontakt mit der Lösung ist.

5. Verfahren zum Bestimmen des Verhältnisses von oxidierten und reduzierten Formen eines Redox-Paars in Lösung,
wobei das Verfahren umfasst:

eine erste stationäre Arbeitselektrode und eine erste Gegenelektrode mit der Lösung in Kontakt zu bringen;
eine zweite stationäre Arbeitselektrode und eine zweite Gegenelektrode mit der Lösung in Kontakt zu bringen;
Anlegen eines ersten Potentials an die erste stationäre Arbeitselektrode relativ zur ersten Gegenelektrode und
Messen eines ersten Konstantstroms für die erste stationäre Arbeitselektrode; und
Anlegen eines zweiten Potentials an die zweite stationäre Arbeitselektrode relativ zur zweiten Gegenelektrode
und Messen eines zweiten Konstantstroms für die zweite stationäre Arbeitselektrode;
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wobei der erste und zweite Konstantstrom entgegengesetzte Vorzeichen haben; und
wobei das Verhältnis der Absolutwerte des ersten und zweiten Konstantstroms das Verhältnis der oxidierten
und reduzierten Formen des Redox-Paars in Lösung widerspiegelt.

6. Verfahren nach einem der Ansprüche 1 bis 5, darüber hinaus umfassend:
Oxidieren oder Reduzieren der Lösung, um so das Gleichgewicht der oxidierten und reduzierten Formen des Redox-
Paars in Lösung zu verändern, in einem vom Verhältnis der Absolutwerte des ersten und zweiten Konstantstroms
abhängigen Grad.

7. Verfahren nach Anspruch 5 oder Anspruch 6, wobei das erste und zweite Potential gleichzeitig angelegt werden.

8. Verfahren nach einem der Ansprüche 1 und 5 bis 7, wobei das erste und zweite Potential im Wesentlichen dieselbe
Höhe, aber ein entgegengesetztes Vorzeichen haben.

9. Verfahren nach einem der Ansprüche 5 bis 8, wobei die erste und zweite stationäre Arbeitselektrode und die erste
und zweite Gegenelektrode jeweils einen Oberflächenbereich in Kontakt mit der Lösung aufweisen, und jeder der
Oberflächenbereiche der ersten und zweiten stationären Arbeitselektrode kleiner als derjenige der ersten und zwei-
ten Gegenelektrode ist, vorzugsweise wobei die erste stationäre Arbeitselektrode, die in Kontakt mit der Lösung ist,
kleiner als 20% des Oberflächenbereichs der ersten Gegenelektrode ist, der in Kontakt mit der Lösung ist.

10. Verfahren nach einem der Ansprüche 1 bis 9, wobei das Verhältnis der oxidierten und reduzierten Formen des
Redox-Paars in einem Bereich von ungefähr 5:95 bis 95:5 oder von ungefähr 20:80 bis 80:20 liegt.

11. Verfahren nach einem der Ansprüche 1 bis 10, wobei das Redox-Paar ein reversibles Redox-Paar ist.

12. Verfahren nach einem der Ansprüche 6 bis 11, wobei die Oberflächenbereiche der ersten und zweiten stationären
Arbeitselektrode jeweils kleiner sind als ca. 20% der Oberflächenbereiche der ersten bzw. zweiten Gegenelektrode.

13. Verfahren nach einem der Ansprüche 1 bis 12, wobei die Lösung in einem Halbzellen-Fluidkreislauf einer arbeitenden
Durchflussbatterie oder anderen elektrochemischen Zelle enthalten ist, wobei die Durchflussbatterie oder andere
elektrochemische Zelle elektrische Energie erzeugt oder speichert.

14. Verfahren nach einem der Ansprüche 1 bis 13, wobei die Oxidation oder Reduktion der Lösung auf elektrochemi-
schem Weg erfolgt.

15. Verfahren nach einem der Ansprüche 13 oder 14, wobei der Halbzellen-Fluidkreislauf darüber hinaus ein Subsystem
zur Gleichgewichtswiederherstellung aufweist, wobei die Oxidation oder Reduktion der Lösung in dem Subsystem
zur Gleichgewichtswiederherstellung erfolgt.

16. Vorrichtung, aufweisend:

mindestens ein Paar Elektroden, die unabhängig in Fluidkontakt mit einer Elektrolytlösung sind, wobei jedes
Paar Elektroden aus einer ersten stationären Arbeitselektrode und einer ersten Gegenelektrode besteht;
ein Steuersystem, umfassend eine Energiequelle und Sensoren, das jedem Paar Elektroden zugeordnet ist,
wobei das Steuersystem dazu ausgelegt ist, ein erstes und zweites elektrisches Potential an jede der ersten
Arbeitselektroden relativ zu den ersten Gegenelektroden anlegen zu können, und einen ersten und zweiten
Konstantstrom zu messen, die dem ersten und zweiten elektrischen Potential zugeordnet sind;
und Verwenden einer Software, die in der Lage ist, das Verhältnis der Absolutwerte des ersten und zweiten
Stroms zwischen jedem Paar Elektroden zu berechnen, was das Verhältnis der oxidierten und reduzierten
Formen eines Redox-Paars in Lösung widerspiegelt, darüber hinaus aufweisend:
einen Fluidkreislauf, der eine erste Elektrolytlösung enthält, und einen separaten Fluidkreislauf, der eine zweite
Elektrolytlösung enthält.

17. Vorrichtung nach Anspruch 16, darüber hinaus mindestens ein Subsystem zur Gleichgewichtswiederherstellung
aufweisend, das jedem Paar Elektroden zugeordnet ist, wobei das System zur Gleichgewichtswiederherstellung
mit dem Fluidkreislauf oder mit dem Fluidkreislauf und dem separaten Fluidkreislauf in Fluidverbindung ist, wobei
das mindestens eine Subsystem zur Gleichgewichtswiederherstellung durch das Steuersystem steuerbar ist, um
die Elektrolytlösung(en) in einem jeweiligen Subsystem zur Gleichgewichtswiederherstellung im Ansprechen auf
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ein berechnetes Verhältnis der Absolutwerte des ersten und zweiten Stroms zwischen jedem Paar Elektroden zu
oxidieren oder zu reduzieren.

18. Verfahren nach einem der Ansprüche 1 bis 15, wobei die Lösung in einem elektrochemischen System, vorzugsweise
in einer elektrochemischen Zelle oder in einer Redox-Durchflussbatterie vorhanden ist.

19. Verfahren nach einem der Ansprüche 1 bis 15, wobei die Lösung in einer Redox-Durchflussbatterie vorhanden ist.

Revendications

1. Procédé de détermination du rapport entre des formes oxydées et réduites d’un couple redox en solution, le procédé
comprenant les étapes suivantes :

(a) mettre en contact une première électrode de travail stationnaire et une première contre-électrode avec la
solution ;
(b) appliquer un premier potentiel à la première électrode de travail stationnaire par rapport à la première contre-
électrode et mesurer un premier courant constant ; et
(c) appliquer un second potentiel à la première électrode de travail stationnaire par rapport à la première contre-
électrode et mesurer un second courant constant ;

dans lequel les premier et second courants constants ont des signes opposés ; et
dans lequel le rapport des valeurs absolues des premier et second courants constants reflète le rapport
des formes oxydées et réduites du couple redox en solution, dans lequel les premier et second potentiels
à la première électrode de travail stationnaire sont appliqués par rapport à la première contre-électrode.

2. Procédé selon la revendication 1, dans lequel le premier potentiel est plus positif qu’un potentiel d’équilibre du
couple redox, et le second potentiel est plus négatif que le potentiel d’équilibre du couple redox.

3. Procédé selon la revendication 2, dans lequel l’amplitude de la différence entre le premier potentiel et le potentiel
d’équilibre et l’amplitude de la différence entre le potentiel d’équilibre et le second potentiel sont sensiblement les
mêmes.

4. Procédé selon l’une quelconque des revendications 1 à 3, dans lequel la première électrode de travail stationnaire
et la première contre-électrode ont chacune une surface en contact avec la solution, et la surface de la première
électrode de travail stationnaire en contact avec la solution est inférieure à la surface de la première contre-électrode
en contact avec la solution, de préférence lorsque la première électrode de travail stationnaire l’électrode de travail
en contact avec la solution est inférieure à 20 % de la surface de la première contre-électrode en contact avec la
solution.

5. Procédé de détermination du rapport des formes oxydées et réduites d’un couple redox en solution, le procédé
comprenant les étapes suivantes :

mettre en contact une première électrode de travail stationnaire et une première contre-électrode avec la
solution ;
mettre en contact une seconde électrode de travail stationnaire et une seconde contre-électrode avec la solution ;
appliquer un premier potentiel à la première électrode de travail stationnaire par rapport à la première contre-
électrode et mesurer un premier courant constant pour la première électrode de travail stationnaire ; et
appliquer un second potentiel à la seconde électrode de travail stationnaire par rapport à la seconde contre-
électrode et mesurer un second courant constant pour la seconde électrode de travail stationnaire ;

dans lequel les premier et second courants constants ont des signes opposés ; et
dans lequel le rapport des valeurs absolues des premier et second courants constants reflète le rapport
des formes oxydées et réduites du couple redox en solution.

6. Procédé de l’une quelconque des revendications 1 à 5, comprenant en outre l’étape suivante :
oxyder ou réduire la solution, de manière à modifier l’équilibre des formes oxydées et réduites du couple redox en
solution, à un degré dépendant du rapport des valeurs absolues des premier et second courants constants.
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7. Procédé selon la revendication 5 ou la revendication 6, dans lequel les premier et second potentiels sont appliqués
simultanément.

8. Procédé selon l’une quelconque des revendications 1 et 5 à 7, dans lequel les premier et second potentiels sont
sensiblement de la même amplitude mais de signe opposé.

9. Procédé selon l’une quelconque des revendications 5 à 8, dans lequel les première et seconde électrodes de travail
stationnaires et les première et seconde contre-électrodes ont chacune une surface en contact avec la solution, et
chacune des surfaces des première et seconde électrodes de travail stationnaires est inférieure à celle des première
et seconde contre-électrodes, de préférence lorsque la première électrode de travail stationnaire en contact avec
la solution est inférieure à 20 % de la surface de la première contre-électrode en contact avec la solution.

10. Procédé selon l’une quelconque des revendications 1 à 9, dans laquelle le rapport des formes oxydées et réduites
du couple redox se situe dans une plage d’environ 5:95 à 95:5 ou d’environ 20:80 à 80:20.

11. Procédé selon l’une quelconque des revendications 1 à 10, dans lequel le couple redox est un couple redox réversible.

12. Procédé selon l’une quelconque des revendications 6 à 11, dans lequel les surfaces des première et seconde
électrodes de travail stationnaires sont chacune inférieures à environ 20 % des surfaces des première et seconde
contre-électrodes, respectivement.

13. Procédé selon l’une quelconque des revendications 1 à 12, dans lequel la solution est contenue dans une boucle
fluidique de demi-cellule d’une batterie à flux ou d’une autre cellule électrochimique en fonctionnement, ladite batterie
à flux ou autre cellule électrochimique générant ou stockant de l’énergie électrique.

14. Procédé selon l’une quelconque des revendications 1 à 13, dans laquelle l’oxydation ou la réduction de la solution
est effectuée par voie électrochimique.

15. Procédé selon l’une quelconque des revendications 13 ou 14, dans lequel ladite boucle fluidique de demi-cellule
comprend en outre un sous-système de rééquilibrage, ladite oxydation ou réduction de la solution se faisant dans
le sous-système de rééquilibrage.

16. Dispositif comprenant :

au moins une paire d’électrodes indépendamment en contact fluidique avec une solution d’électrolyte, chaque
paire d’électrodes étant constituée par une première électrode de travail stationnaire et par une première contre-
électrode ;
un système de commande, comprenant une source d’énergie et des capteurs, associé à chaque paire d’élec-
trodes, ledit système de commande étant configuré pour être capable d’appliquer des premier et second po-
tentiels électriques à chacune des premières électrodes de travail par rapport aux premières contre-électrodes,
et de mesurer des premier et second courants constants associés auxdits premier et second potentiels
électriques ;
et utilisant un logiciel capable de calculer le rapport des valeurs absolues des premier et second courants entre
chaque paire d’électrodes, qui reflète le rapport des formes oxydées et réduites d’un couple redox en solution,
comprenant en outre
une boucle fluidique contenant une première solution d’électrolyte et une boucle fluidique séparée contenant
une seconde solution d’électrolyte.

17. dispositif selon la revendication 16, comprenant en outre au moins un sous-système de rééquilibrage associé à
chaque paire d’électrodes, ledit système de rééquilibrage étant en communication fluidique avec la boucle fluidique
ou avec la boucle fluidique et la boucle fluidique séparée, ledit au moins un sous-système de rééquilibrage pouvant
être commandé par le système de commande pour oxyder ou réduire la (les) solution(s) d’électrolyte dans un sous-
système de rééquilibrage respectif en réponse à un rapport calculé des valeurs absolues des premier et second
courants entre chaque paire d’électrodes.

18. Procédé selon l’une quelconque des revendications 1 à 15, dans lequel la solution est présente dans un système
électrochimique, de préférence dans une cellule électrochimique ou dans une batterie à flux redox.
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19. Procédé selon l’une quelconque des revendications 1 à 15, dans lequel la solution est présente dans une batterie
à flux redox.
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