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ELECTROLYTE COMPOSITIONS

BACKGROUND

1. Field of the Invention

The present disclosure relates to methods for formulating electrolytes and electrolyte

solutions useful in reduction-oxidation (redox) flow batteries.

2. Description of the Relevant Art

There is an increasing demand for novel and innovative electric power storage systems.

Redox batteries have become an attractive means for such energy storage. In certain

applications, a redox flow battery may include positive and negative electrodes disposed in

separate half-cell compartments. The two half-cell compartments maybe separated by a porous

or ion-selective membrane, through which ions are transferred during a redox reaction.

Electrolytes (anolyte and catholyte) are flowed through the half-cells as the redox reaction

occurs, often with an external pumping system hi this manner, the membrane in a flow cell

battery operates in an aqueous electrolyte environment.

In some applications, an iron-ion containing aqueous hydrochloric acid solution may be

used as the catholyte, while a chromium-ion containing aqueous hydrochloric acid solution may

be used as the anolyte. In some applications, a mixture of chromium and iron containing

solutions may be used on both sides of the redox flow battery. The use of mixed reactants

substantially eliminates the requirement for a highly selective membrane since the composition

of both half cells is identical in the discharged state.

There is a need for electrolytic solutions that enhance the useful reactions occurring in a

flow cell battery, while minimizing side reactions.

SUMMARY OF THE INVENTION

hi an embodiment, an electrolyte is disclosed that has a concentration of chromium ions

that exceeds the concentration of iron ions.

In an embodiment, a redox flow cell includes a pair of electrodes disposed in separate

half-cell compartments; a porous or ion-selective membrane separating the half-cell

compartments; and an electrolyte that is flowed through the half-cell compartments. The

electrolyte includes chromium ions and iron ions. The concentration of chromium ions, in some

embodiments, is greater than the concentration of iron ions. The electrolyte may include FeCl2



and/or FeCl and CrCl and/or CrCl in aqueous HCl, wherein the total concentration of CrCl3

and CrCl is greater than the total concentration OfFeCl and FeCl . In some embodiments, the

ratio of chromium ions to iron ions is in the range of about 1.1 to 10, or in the range of about 1.1

to 2.0.

In another embodiment, a method of reducing hydrogen production in an electrolyte flow

cell, the electrolyte flow cell including a pair of electrodes disposed in separate half-cell

compartments; a porous or ion-selective membrane separating the half-cell compartments; and

an electrolyte that is flowed through the half-cell compartments, wherein the electrolyte includes

chromium ions and iron ions. The method includes increasing the concentration of chromium in

the electrolyte such the concentration of chromium in the electrolyte is greater than the

concentration of iron.

BRIEF DESCRIPTION OF THE DRAWINGS

Advantages of the present invention will become apparent to those skilled in the art with

the benefit of the following detailed description of embodiments and upon reference to the

accompanying drawings in which:

FIG. 1 illustrates a redox flow cell.

While the invention may be susceptible to various modifications and alternative forms,

specific embodiments thereof are shown by way of example in the drawings and will herein be

described in detail. The drawings may not be to scale. It should be understood, however, that

the drawings and detailed description thereto are not intended to limit the invention to the

particular form disclosed, but to the contrary, the intention is to cover all modifications,

equivalents, and alternatives falling within the spirit and scope of the present invention as

defined by the appended claims.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

It is to be understood the present invention is not limited to particular compositions or

methods, which may, of course, vary. It is also to be understood that the terminology used

herein is for the purpose of describing particular embodiments only, and is not intended to be



limiting. As used in this specification and the appended claims, the singular forms "a", "an",

and "the" include singular and plural referents unless the content clearly dictates otherwise.

FIG. 1 illustrates a redox flow cell 100 of a redox flow battery according to some of the

embodiments described herein. As shown, cell 100 includes two half-cells 108 and 110

separated by a membrane 106. An electrolyte 124 is flowed through half-cell 108 and an

electrolyte 126 is flowed through half-cell 110. Half-cells 108 and 110 include electrodes 102

and 104 respectively, in contact with electrolytes 124 and 126, respectively, such that an anodic

reaction occurs at the surface of one of electrodes 102 or 104 and a cathodic reaction occurs at

the surface of the other one of electrodes 102 or 104. hi some embodiments, multiple redox

flow cells 100 can be electrically coupled (e.g., stacked) either in series to achieve higher voltage

or in parallel in order to achieve higher current. As shown in FIG. 1, electrodes 102 and 104 are

coupled across load/source 120, through which electrolytes 124 and 126 are either charged or

discharged. The operation of a flow cell and the composition of a membrane is further described

in U.S. Patent Application Serial No. 12/217,059, entitled "Redox Flow Cell," filed on July 1,

2008, which is incorporated herein by reference. Construction of a flow cell stack is described

in U.S. Patent Application Serial No. 12/577,134, entitled "Common Module Stack Component

Design" filed on October 9, 2009, which is incorporated herein by reference.

When filled with electrolyte, one half-cell (e.g., 108 or 110) of redox flow cell 100

contains anolyte 126 and the other half-cell contains catholyte 124, the anolyte and catholyte

being collectively referred to as electrolytes. Reactant electrolytes may be stored in separate

tanks and dispensed into the cells 108 and 110 via conduits coupled to cell inlet/outlet (I/O)

ports 112, 114 and 116, 118 respectively, often using an external pumping system. Therefore,

electrolyte 124 flows into half-cell 108 through inlet port 112 and out through outlet port 114

while electrolyte 126 flows into half-cell 110 through inlet port 116 and out of half-cell 110

through outlet port 118.

At least one electrode 102 and 104 in each half-cell 108 and 110 provides a surface on

which the redox reaction takes place and from which charge is transferred. Suitable materials

for preparing electrodes 102 and 104 generally include those known to persons of ordinary skill

in the art. Examples of electrodes 102 and 104 are also described in U.S. Patent Application

Serial No. 12/576,235, entitled "Magnetic Current Collector" filed on October 8, 2009, which is

incorporated herein by reference. Redox flow cell 100 operates by changing the oxidation state

of its constituents during charging or discharging. The two half-cells 108 and 110 are connected



in series by the conductive electrolytes, one for anodic reaction and the other for cathodic

reaction hi operation (i.e., charge or discharge), electrolytes 126 and 124 (i.e., anolyte or

catholyte) are flowed through half-cells 108 and 110 through I/O ports 112, 114 and 116, 118

respectively as the redox reaction takes place. Power is provided to a load 120 or received from

power source 120, depending on if the flow cell battery is in discharging or charging mode,

respectively.

Typically, the charging and discharging of the redox flow battery results in a disparity of

states of charge between the two electrolyte solutions. Parasitic side reactions competing with

the reduction of certain ions and/or decomposition of charged species may result in the

formation of unwanted side products. For example, in the case of acidic electrolytes, certain

parasitic reactions may generate hydrogen. Therefore, there exists a need to increase the

Columbic efficiency of redox battery by minimizing the parasitic side reactions during the

charge/discharge cycles of the redox flow cell.

A non limiting, illustrative example of a redox pair would include:

Fe3+ + e — Fe2+ (E0 = +0.771 V)

Cr3+ + e —> Cr2+ (E0 = -0.407V)

where E0 is the standard electrode potential of the reaction.

If the electrolyte has a net higher positive electrode potential (E0) compared to a Standard

Hydrogen Electrode (SHE) during discharge of the system, then the electrolyte is called the

catholyte. The complementary electrolyte is then called the anolyte.

In a simple implementation of the redox cell technology, an acidic solution OfFeCl2 is on

the cathode side and an acidic solution OfCrCl is on the anode side. Upon applying an

appropriate positive voltage on the cathode with respect to the anode, i.e., during charging of the

redox flow cell, the following reactions take place:

Cathodic reaction: Fe2+ —>Fe3+ + e

Anodic reaction: Cr3+ + e —> Cr2+



Applying the external power supply affects an electron transfer, while a Cl ion crosses the

membrane from the anodic half-cell to the cathodic half-cell through the ion exchange

membrane in order to preserve the charge balance hi the ideal situation, the fully charged redox

flow cell consists of 100% FeCl solution on the cathode side and 100% CrCl2 solution on the

anode side.

When the external power supply is replaced with a load, the cell begins to discharge, and

the opposite redox reactions take place:

Cathodic reaction: Fe3+ + e —>Fe2+

Anodic reaction: Cr2+ —>Cr3+ + e

Therefore, in the most ideal situation, the fully discharged flow cell consists of 100% FeCl2

solution on the cathode side and 100% CrCl3 solution on the anode side.

A variation of the Cr/Fe system described above is a redox cell with premixed Fe and Cr

solutions. Since no membrane is perfectly perm-selective, anolyte and catholyte eventually

become cross-mixed over many cycles of charge and discharge, in a system such as described

above, thus reducing the net system capacity. A remedy to this was to use a mixed Fe and Cr

solution, in a 1:1 proportion, as both the anolyte and the catholyte. In the completely charged

state, the anolyte includes CrCl2 and FeCl2 in a 1:1 proportion and the catholyte comprises FeCl3

and CrCl in a 1:1 proportion. In this way, any cross-diffusion of species merely appears as a

Coulombic inefficiency, and over time the 1:1 charge balance is maintained. Although the

above example describes a Cr/Fe system, it is generally applicable to other redox pairs.

One of the major problems of such redox flow cells is maintaining the charge balance

between the anodic and cathodic sides of the cell. If there are no parasitic reactions other than

the fundamental redox reactions, then the two sides are always in a charge balanced state.

However, in reality parasitic reactions do occur, and after many cycles of charge and discharge, a

marked difference with respect to the state of charge of the two electrolyte solutions may

develop. Using the Cr/Fe system as a non limiting example, under ideal conditions (i.e. no

parasitic reactions occur) for every Fe3+ ion in the cathode tank there is a Cr2+ ion in the anode

tank, and for every Fe2+ ion in the cathode tank, there is a Cr3+ ion in the anode tank. However,

in practice, during the charging process, though Fe2+ oxidation proceeds with nearly 100%

current yield, reduction of Cr3+ generates hydrogen as a side reaction on the graphite electrodes,



resulting in a higher state of charge of the iron electrolyte, i.e. in an excess OfFe3+ ions. Other

examples of parasitic reactions include, oxygen (internal or external to the system) oxidizing

Fe2+ to Fe3+, or Cr2+ to Cr3+; Cr2+ reducing water to become Cr3+; or during charging, hydrogen

generation on the anode in competition with Cr3+ reduction, while Fe2+ oxidation takes place on

the cathode.

There are many factors responsible for the generation of hydrogen gas on the chromium

half-cell side, including but not limited to: state of charge ("SOC"), molar concentration OfCr2+,

temperature, formulation and acid concentration, impurities and catalysts, electrode and

electrode stxrface, flow rate, etc. Hydrogen gas can be produced upon reduction of H+ on the

chromium half-cell side (negative side). Hydrogen gas can be produced either directly at the

electrode by H+ competing with reduction of Cr3+, or alternatively, it can be produced indirectly

by reduction of H+ by Cr2+ ions. Those processes are reflected by the following:

Cr3+ + e → Cr2+

H+ + e → 1 R2

Cr2+ + H+ — Cr3+ + 1
2 H2

The charge capacity of the system is dependent on a number of factors. For example the

volume of electrolyte solution can be selected to provide a wide range of charge capacity to the

system. The more electrolyte that is available for the cell, the greater the capacity of the cell.

Because of the chemical reactions within the cells, the capacity of a redox flow cell depends on

the discharge conditions such as the magnitude of the current (which may vary with time), the

allowable terminal voltage of the battery, temperature and other factors. For example, if a

battery is discharged at a relatively high rate, the available capacity will be lower than expected.

While the volume of electrolyte can be varied to meet the desired capacity, having large volumes

of electrolytes can create problems in handling and storage for the flow cell battery.

hi order to minimize the volume of electrolytes, it is desirable to have the electrolyte

solution at as high a concentration as the electrolyte solution will allow under most operating

conditions. For a Cr/Fe system, an electrolyte solution may include hydrochloric acid. Since the

discharge of the cell occurs with reduction OfFe3+ to Fe2+, the concentration OfFe3+ available in

the cell, after charging, has a significant effect on the charge capacity. To protect against

parasitic reactions which, ultimately, lower the amount of available Fe3+ after each cycle, one



approach would be to increase the amount of Fe with respect to Cr to extend the life of the

battery. This method, however, does not stop the parasitic reactions, it simply compensates for

them.

One factor responsible for H2 generation is the concentration of charged species in the

solution on the negative side, as the ratio of Cr2+/Cr3+ increases the H2 generation increases. In

an embodiment, the Cr2VCr3+ ratio may be kept low by increasing the Cr content in the

electrolyte. For example, reduction of hydrogen generation may be accomplished by increasing

the Cr:Fe ratio hi a balanced electrolyte solution the Cr:Fe ratio is 1. Reduced hydrogen

production, however, maybe accomplished if the Cr:Fe ratio is in the range of 1.1 to 10, or 1.1

to 5, or 1.1 to 4, or 1.1 to 3, or 1.1 to 2. Ratio is greater than 1.1, greater than 1.5, or greater than

2.

Increasing the amount of Cr with respect to the amount of Fe reduces the amount of

hydrogen gas produced. For example, in Table 1 two electrolyte solutions were compared. In

Solution A, the relative molar concentration of chromium was 1.25 and the relative molar

concentration of iron was 1.4, giving a CnFe ratio of about 0.9. Solution B includes a relative

molar concentration of chromium of 1.5 and a relative molar concentration of iron of 1.0, giving

a Cr:Fe ratio of 1.5 When tested in typical flow cell conditions the relative amount of H2 gas

produced hour was significantly reduced in the electrolyte solution that included more chromium

than hydrogen. Additionally, the relative amount of H2 gas produced per charge/discharge cycle

was also significantly reduced in the electrolyte solution that included more chromium than iron

TABLE 1

As can be seen from Table 1, the increase in chromium, relative to the amount of iron

present in the electrolyte causes a substantial decrease in hydrogen production. Increasing the

Cr:Fe ratio further will further decrease the hydrogen production.

The molar concentration of the electrolyte solution is somewhat controlled by the relative

solubility of each of the components in the electrolyte medium. For example, in Cr/Fe systems,



the most commonly used species are CrCl2/CrCl and FeCl2/FeCl3 species. These species are

typically dissolved in hydrochloric acid. The total amount of Cr and Fe that can be dissolved in

HCl, having a given concentration, is generally consistent, regardless of the ratio of Cr to Fe.

Thus as the amount of Cr is increased, the amount of Fe present may need to be decreased in

order to properly solubilized the components of the electrolyte solution. Thus the ratio of Cr:Fe

is selected such that the hydrogen production is reduced, while sufficient energy is available

based on the amount of iron species present. It has been found that this is best met, in Cr/Fe

systems, when the ratio of Cr to Fe is between 1.1. to 2.0.

In a 1.0M FeCl2A .0M CrCl solution, the concentration OfFe3+ on the positive side, at

50% state of charge ("SOC"), would be 50%, and concentration OfCr2+ on the negative side

would be 50% as well, assuming there are no side reactions. Whereas, in 1.0M FeCl2/2.0M

CrCl solution, the concentration OfFe3+ on the positive side, at 50% state of charge, would be

still 50%, but the concentration of Cr2+ on the negative side would be only 25%. Theoretically,

the Ah capacity of the system is identical in both formulations, but due to lower Cr2+/Cr3+ ratio,

the H2 generation decreases and columbic efficiency increases significantly. The SOC of each

half-cell for different formulations is tabulated in Table 2. For example, in some embodiments,

the hydrogen generation is decreased by a factor five when a flow cell cycled

(charged/discharged) with 1.5M CrCl3/1.0M FeCl2 in 2.5M HCl is compared with l.OM

CrCl3/ ! .0M FeCl2 in 2.5 M HCl under identical conditions.



TABLE 2

In this patent, certain U.S. patents, U.S. patent applications, and other materials (e.g.,

articles) have been incorporated by reference. The text of such U.S. patents, U.S. patent

applications, and other materials is, however, only incorporated by reference to the extent that no

conflict exists between such text and the other statements and drawings set forth herein. In the

event of such conflict, then any such conflicting text in such incorporated by reference U.S.

patents, U.S. patent applications, and other materials is specifically not incorporated by reference

in this patent.

Further modifications and alternative embodiments of various aspects of the invention

will be apparent to those skilled in the art in view of this description. Accordingly, this

description is to be construed as illustrative only and is for the purpose of teaching those skilled

in the art the general manner of carrying out the invention. It is to be understood that the forms

of the invention shown and described herein are to be taken as examples of embodiments.

Elements and materials may be substituted for those illustrated and described herein, parts and

processes may be reversed, and certain features of the invention may be utilized independently,

all as would be apparent to one skilled in the art after having the benefit of this description of the



invention. Changes may be made in the elements described herein without departing from the

spirit and scope of the invention as described in the following claims.



WHAT IS CLAIMED IS:

1. A redox flow cell comprising:

a pair of electrodes disposed in separate half-cell compartments;

a porous or ion-selective membrane separating the half-cell compartments; and

an electrolyte that is flowed through the half-cell compartments, wherein the electrolyte

comprises chromium ions and iron ions, wherein the concentration of chromium ions is

greater than the concentration of iron ions.

2. The redox flow cell of claim 1, wherein the electrolyte comprises FeCl2 and/or FeCl3 and

CrCl3 and/or CrCl2 in aqueous HCl, wherein the total concentration of CrCl3 and CrCl2 is greater

than the total concentration OfFeCl2 and FeCl3.

4. The redox flow cell of claim 1, wherein the ratio of chromium ions to iron ions is between 1.1

to 10.

5. The redox flow cell of claim 1, wherein the ratio of chromium ions to iron irons is greater

than about 1.1

6. The redox flow cell of claim 1, wherein the ratio of chromium ions to iron irons is between

1.1 and 2.0

7. A method of reducing hydrogen production in a redox flow cell, the redox flow cell

comprising a pair of electrodes disposed in separate half-cell compartments; a porous or ion-

selective membrane separating the half-cell compartments; and an electrolyte that is flowed

through the half-cell compartments, wherein the electrolyte comprises chromium ions and iron

ions, the method comprising:

increasing the concentration of chromium in the electrolyte such the concentration of

chromium in the electrolyte is greater than the concentration of iron.



8. The method of claim 7, wherein the electrolyte comprises FeCl2 and/or FeCl and CrCl3

and/or CrCl2 in aqueous HCl, wherein the total concentration of CrCl3 and CrCl is greater than

the total concentration OfFeCl2 and FeCl3.

9. The method of claim 7, wherein the ratio of chromium ions to iron ions is between 1.1 to 10.

10. The method of claim 7, wherein the ratio of chromium ions to iron irons is greater than

about 1.1

11. The method of claim 7, wherein the ratio of chromium ions to iron irons is between 1.1 and

2.0
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