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The present invention relates to novel redox flow cells.

In particular, the present invention relates to novel

redox flow cells comprising a polyvhalide/halide redox

couple 1n the positive half-cell electrolyte and the
10 V(III)/V(II) redox couple in the negative half-cell

electrolyte. The invention also relates to a method o:

)

producing electricity by discharging a fully charged or

partially charged redox flow cell of the present

invention, and a method of charging a discharged orx

15 partially discharged redox flow cell of the present

invention.

BACKGROUND

20 A redox flow cell (also called a redox flow battery) is an

electrochemical system which allows energy to be stored in

two electrolytes containing different redox couples with

electrochemical potential sufficiently separated from each

other to provide an electromotive force to drive the

25 oxidation-reduction reactions needed to charge and

discharge the cell.

A redox flow cell comprises a positive compartment and a

negative compartment. The positive compartment contains

30 an electrolyte containing redox 1ons which are in a

oxidised state and are to be reduced during the

discharging process of the redox flow cell, or are in a

reduced state and are to be oxidised during the charging

process of the redox flow cell, or a mixture of such ions.

35 The electrolyte in the positive compartment is in

electrical contact with a positive electrode. The

combination of the positive compartment, the electrolyte
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and the positive electrode is referred to as the “positive
half-cell”. The negs

tive compartment contains an

electrolyte containing redox ions which are 1n a reduced
state and are to be oxidised during the discharging

process of the redox flow cell, or are i1n an oxidised

state and are to be reduced during the charging process of

the redox flow cell, or a mixture of such ilons. The

electrolyvte in the negative compartment is in electrical

contact with a negative electrode. The combination of the

negative compartment, the electrolyte and the negative

electrode is referred to as the “negative half-cell”. The

electrolyte in the positive compartment and the

electrolyte in the negative compartment are separated by

an ionically conducting separator, typically an ion

exchange membrane, to provide ilonic communication between

the electrolyte in the positive compartment and the

electrolyte in the negative compartment.

Of the redox flow cells developed to date, the all-

vanadium redox flow cell has shown long cycle life and

P
—

high energy efficiencies of over 80% in large

installations of up to 500 kW in size. The all-vanadium
redox flow cell contains the V(V)/V(IV) redox couple in
the positive half-cell electrolyte, and the V(III)/V(II)

redox couple in the negative half-cell electrolyte. While

C

the performance characteristics of the all-vanadium redox

flow cell have made it well suited to various statilonary
applications, its relatively low energy density has to

date limited its application in some fields, for example,

in electric vehicles or other mobile applications.

The energy density of a redox flow cell i1s related to the

concentration of the redox ions in the electrolyte in both

half-cells, the cell potential and the number of electrons

transferred during discharge per mole of active redox

ions. V(V) salts have low solubility in most

electrolytes. For all-vanadium redox flow cells, the
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highest concentrations of V (V) iong achieved to date have

been achieved using sulphuric acid as the supporting

s

electrolyte. In the case of the all-vanadium redox flow

cell, the maximum vanadium i1on concentration that can be

employed for wide temperature range operations 1is

typically 2 M or less. This concentration represents the

solubility limit of the V(II) and/or V(III) ions in the

sulphuric acid supporting electrolyte at temperatures
below 5°C and the stability of the V (V) ions in the

sulphuric acid supporting electrolyte at temperatures

above 40°C. V (V) ions in a sulphuric acid solution are

subject to thermal precipitation at temperatures over 40°C.

Aqueous hydrochloric acid 1s unsuitable for use as the

supporting electrolyte in all-vanadium redox flow cells as

V(V) ions are reduced by chloride ions giving rise toO

chlorine gas and the formation of V(IV) ions.

It would be advantageous to develop alternative redox flow

cells, which, in at least preferred embodiments, can

achieve a higher energy density than conventional all-

vanadium redox flow cells.

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a redox

flow cell comprising a positive half-cell and a negative

half-cell, the positive half-cell contalning an

electrolyte containing a polvhalide/halide redox couple,

and the negative half-cell containing an electrolyte

containing the V(III)/V(II) redox couple.

In a second aspect, the present invention provides a

negative half-cell electrolyte containing the V(III)/V(II)

redox couple when used in the redox flow cell according to

p—a

the first aspect of the present i1nvention.
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In a third aspect, the present invention provides a

positive half-cell electrolyte containing a

polvhalide/halide redox couple when used in the redox flow

cell according to the first aspect of the present

invention.

In a fourth aspect, the present invention provides a redox

flow cell having a positive compartment containing an

electrolyte in electrical contact with a positive

electrode, said electrolyte containing polyhalide 1ons,

halide ions capable of being oxidised to form polyhalide

iong, or a mixture of polyhalide ions and halide ilons

capable of being oxidised to form polyhalide 1lons, a

negative compartment containing an electrolyte 1n

electrical contact with a negative electrode, said

electrolyte containing vanadium (III) ions, vanadium (II)

iong, or a mixture of wvanadium (III) ions and vanadium

(II) ions, and an ionically conducting separator disposed

between said positive compartment and said negative

compartment and in contact with the electrolyte in said

positive compartment and the electrolyte in said negative

compartment to provide ionic communication between the

electrolyte in said positive compartment and the

electrolyte in said negative compartment.

The present invention also relates to a method of

producing electricity by discharging a fully charged oxr

partially charged redox flow cell of the present

invention, and a method of charging a discharged or

partially discharged redox flow cell of the present

inventilion.

In another aspect, the present invention provides a

process for producing electricity, comprising withdrawing

electrical energy from a redox flow cell according to the

fourth aspect of the present invention, wherein the

electrolyte in the negative compartment contailns some
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vanadium(II) ions and the electrolyte in the positive

compartment contains some polyhalide ions, by loading an

external circulit in electronic communication with the

—

positive electrode and the negative electrode of the redox

flow cell.

In another aspect, the present invention provides a

process for charging a redox flow cell according to the

fourth aspect of the present invention, wherein the

electrolyte in the negative compartment contains some

vanadium(III) ions and the electrolyte in the positive

compartment contains some halide ions capable of being

oxidised to form polvhalide ions, comprising providing

electrical energy from an external energy source to the

positive and negative electrodes of the redox flow cell to

produce divalent vanadium ions in the electrolyte in the

negative compartment and polyhalide ions in the

electrolyte in the positive compartment.

Preferably the polyvhalide/halide redox couple is ClBr,; /Br-
. BrCl, /Cl™ or Bri /Br .

The electrolyte in the negative half-cell typically

comprises the V(III)/V(II) redox couple in a supporting

electrolyte. Similarly, the electrolyte in the positive

half-cell typically comprises the polyhalide/halide redox
couple in a supporting electrolyte. Preferably the
supporting electrolyte is selected from aqueous solutions

of HCl, HBr, mixtures of NaCl and HCl, mixtures of KC1l and

HCl, mixtures of HBr and NaBr, mixtures of HBr and KBr, or

mixtures thereof.

In a preferred redox flow cell according to the presen

(1

| -

invention the electrolyte in the negative half-cell

comprises VCl, and/or VCl; dissolved in a supporting

electrolyte, and the electrolyte in the positive half-cell

comprises ClBr,; /Br and/or BrCl, /Cl™ redox couples in a
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supporting electrolyte. For such a redox flow cell, it 1is

preferred that the supporting electrolyte in both half-

cells igs selected from agueous solutions of HCl, a mixture

of NaCl and HCl, a mixture of KCl1 and HCl, or mixtures

thereof. In an alternative preferred redox flow cell

according to the present invention, the electrolyte in the

negative half-cell comprises VBr; and/or VBr, dissolved in

a supporting electrolyte, and the electrolyte in the

positive half-cell comprises Bri; /Br~, ClBr, /Br  and/or

BrCl, /Cl™ redox couples in a supporting electrolyte. For

such a redox flow cell, it is preferred that the

supporting electrolyte is selected from agqueous solutions

pr—

of HBr, HCl, a mixture of HBr and NaBr, a mixture of HBr

and KBr, or mixtures thereof. Such redox flow cells are

preferred to minimise potential cross-contamination of the

electrolytes in the positive and negative half-cells

during repeated charging and discharging of the redox flow

cell, however, some diffusion of the vanadium and halide

ions will always occur in practice.

BRIEF DESCRIPTIONS OF THE DRAWINGS

Figure 1: shows a block diagram of a redox flow cell

according to the present invention, having a reservolr for

the electrolyte for the positive half-cell and a reservolr

for the electrolvte for the negative half-cell.

Figure 2: shows a block diagram of an alternative redox

flow cell according to the present invention having charge

regervolirs and storage reservoirs for the electrolytes for

the positive and negative half-cells.

Figure 3: shows a series of cyclic voltamograms obtained

at a graphite electrode in agqueous solutions containing

2.02 M VCl, in wvarious concentrations of total Cl 1ons
((A) 5.08 M, (B) 6.68 M and (C) 8.48 M). The X axis shows

the electrode potential in volts versus the saturated
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calomel electrode (SCE), and the Y axis shows the current.

Figure 4: shows a series of cyclic voltamograms obtained

b

in agqueous solutions of 1.0 M HCl (lower curve), 1.0 M HCL
+ 0.27 M NaBr (middle curve) and 1.0 M HCl1L + 2.5 M NaBr

(top curve) .

Figure 5: shows the plot of cell voltage versus time

obtained for a full charge-discharge cycle for a redox

flow cell according to the present invention employing 1 M

VCl; in 1.5 M agqueous HCl1l in the negative half-cell and 1 M

NaBr in 1.5 M agueous HCl in the positive half-cell.

D DESCRIPTION OF THE INVENTION

L1J

DETAIL]

As used herein, the term “polvhalide” refers to any 1on

consisting of three or more halogen atoms, such as Brs ,
ClBr, , BrCl,", ICl, , IBr, and Iz . A polvhalide 1s formed

by the complexing reaction between a halogen molecule and

a halide 1on. For example:

Br, + Br & B1,

Br, + C1° <~ ClBr,

Clz T Br = IBrClz"

The formation of the polvhalide ion allows the halogen

molecule to be complexed so that it does not escape from

solution as a gaseoug product.

As used herein, the term “redox couple” refers to a

combination of a reduced and an oxidised form of a

particular ion or neutral species, that, in a supporting

electrolyte in a half-cell of a redox flow cell, undergoes

oxidation from the reduced form to the oxidised form

during the charging or discharging of the redox flow cell
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from the oxidised form to the

form during the discharging or charging of the

As will be appreciated by persons

skilled in the art, in a fully charged or discharged redox

£l

in each hal:

O

the situs

ow cell,

I .

all or subsg

As used herein,

cantially all of

i

the redox couples

--cell may be in the reduced or the oxidised

the term “redox couple” encompasses

tion where all or substantially all of the redox

couple is present in the oxidised or the reduced form, as

well as the gituation where some ot
present 1in

in the reduced form.

re

i1o0ons.

The

the oxidised form and the remainder 1s present
The term “V(III)/V(II) redox couple”

fers to the redox couple consisting of

g

the redox couple 1is

the V** and V**

term “polvhalide/halide redox couple” referxs to

a redox couple consgisting of a polyhalide l1on and the

corresponding halide ion or ions.

As used herein,

the term

“electrolyte” refers to a

solution which conducts current through ionisation.

Ag used herein,

to an electrolyte cape

the term “supporting electrolyte” refers

ble of supporting the oxidised and

reduced forms of a redox couple, and corresponding cations

or anions to balance the charge of the redox i1ions,

in

solution during the oxidation and reduction of the redox

couple. The supporting electrolyte also provides

additions

of the solution and support’the flow of current
cell.

It may also form

1 ions in solution to increase the conductivity

in the

ion pairs or complexes with the

electroactive ion to enhance its electrochemical activity

and solubility.

The presen

= invention provides a redox

flow cell

comprising a positive half-cell and a negative half-cell,

the positive half-cell containing an electrolyte

containing a polyvhalide/halide redox couple, and the

negative hal

f-cell con

~aining an electrolyte containing
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the V(III)/V(II) redox couple.

The electrolyte containing the polyhalide/halide redox

couple typically comprises the polyhalide/halide redox

couple in a supporting electrolyte. The electrolyte

containing the V(III)/V(II) redox couple typically

comprises the V(III)/V(II) redox couple in a supporting

electrolvte. Typically the supporting electrolyte 1is

]|

selected from agueous solutions of HCl, HBr, a mixture O:

NaCl and HCl, a mixture of KCl and HCl, a mixture of HBr

and NaBr, a mixture of HBr and KBr, or mixtures thereof,

in a concentration range from 0.1 to 12 M, more typically

0.1 to 8 M, or even more typically from 0.5 to 6 M. The

supporting electrolyte for the polyhalide/halide redox

gr—

couple is typically an excess amount of the acid halide or

halide salt that is added to increase the conductivity of

the electrolyte solution, adjust the pH and increase the

stability of the polyvhalide complex in solution. While

the supporting electrolyte in each half-cell may be

different, it is preferred that the same supporting

electrolyvte is used in both half-cells to reduce cross

contamination problems.

Various types of polvhalide ions are known to exist. The

polvhalide ions, ClBr,; , BrCl, and Brz are characterised

by high oxidation potentials. Preferred polyhalide/halide

redox couples for use in the redox flow cell of the

present invention are BrCl, /Cl~, ClBxr, /Br  and Bri /Br’,

especially preferred are BrCl, /Cl™ and ClBr, /Br . Other
polvhalide/halide redox couples which could be used
include ICl, /Cl™, IBry /Br and Is /I .

An electrolyte containing the polyvhalide/halide redox

couple may be prepared by means known in the art for

preparing an agueoug solution containing halide ions, for

example, dissolving acids and/or salts of a halide or

p—

mixture of halides in water. Polvhalide ions may be formed
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by oxidising the halide ions in the solution, either

—

during the charging of the redox flow cell, or prior to

the solution being introduced in the positive half-cell of

the redox flow cell. The electrolyte containing the

polyvhalide/halide redox couple may also be prepared by

dissolving a halogen molecule in an aqueous solution

containing a halide ion. For example, dissolving Br; in an

agqueous solution of Cl™ or Br ions, or dissolving Cl; 1n

an agqueous solution of Br® or I ions.

When the polvhalide/halide redox couple in the positive
half-cell electrolyte is ClBr, /Br , Brs /Br , BrCl, /Clor a

mixture thereof, the concentration of the polyhalide 1n

the electrolyte in the posgitive half-cell, when the redox

flow cell is fully charged, is typically 0.1 to 5 M, more

typically 0.5 to 5 M, and even more typically 1 to 3M or 1
to 2M. When the redox flow cell is fully discharged, the

electrolyte in the positive half-cell typically contains

Cl™ and Br ions in a total concentration of 1 to 12 M.

An electrolyte containing the V(III)/V(II) redox couple

can be prepared by dissolving VCl; or VBr; in an agueous

acid, typically agueous HCl or HBr, and optionally,

electrochemically reducing some or all of the trivalent

vanadium ions to divalent vanadium ions. An electrolyte

containing the V(III)/V(II) redox couple can also be
prepared by dissolving vanadium trioxide, V203, 1n an

aqueous solution of HC1l, HBr, NaCl, NaBr, KCl, KBr or

mixtures thereof. Since vanadium trioxide has a slower

dissolving rate than VCl; or VBr;, it is preferred that the

dissolution of V,0;3 is carried out at elevated temperatures
above 40°C.

An electrolyte containing the V(III)/V(II) redox couple

can also be prepared by mixing solid V;0; and solid V30s

powders in a halide aqueous solution at elevated

temperatures above 40°C until the powders dissolve to
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produce a solution of V(IV) halide or V(IV)/V(III) halide

mixture, and then reducing the solution in the redox cell

or in a separate electrolysis cell to generate V(III)

and/or V(II) ions in solution.

A further method for producing an electrolyte containing

the V(III)/V(II) redox couple involves the addition of V;0s

powder to an HCl solution of the required halide

concentration and allowing the reduction of the V(V) by

the halide ions to dissolve the pentoxide powder to form

the corresponding soluble V(IV) halide with the evolution

gr—
o

chlorine gas. The halide concentration can then be

HC1l to

the final solution which can be further reduced in the

O

g—

adjusted by the addition of the required amount o:

L

redox cell or in a separate electrolysis cell to produce

V(II) and/or V(III) ions in the electrolyte.

Concentrations of V(II) and/or V(III) ions as high as 6 M

total vanadium can be achieved in acilids such as aqueous
HC]l or HBr, while solutions of 4 M V(II) or 4 M V(III)

can readily be prepared. This is a much higher

=

concentration of V(III) and/or V(II) ions than the total

vanadium concentration of V(II) and/or V(III) ions in the

negative half-cell electrolyte of conventional all-

vanadium redox flow cells where the supporting electrolyte
is sulphuric acid. Accordingly, much higher energy
dencsities can be achieved using the redox flow cell of the
present invention compared to conventional all-vanadium

redox flow cells. The redox flow cell of the present

invention can therefore be used for the storage and later

production of electrical energy in a wide range of

applications.

The concentration of vanadium (II) and/or vanadium

(
ions in the electrolyte in the negative half-cell of the

redox flow cell of the present invention is typically 0.1

to 6 M total wvanadium, more typically from 0.5 to 5 M or 1
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to 5 M, and even more typically 1 to 4 M.

In some preferred embodiments of the present invention,

—
Ip—

the electrolyte in the negative half-cell comprises VCl,

and/or VCls dissolved in a supporting electrolyte selected

from the group consisting of agueous HCl, an agueous

solution of NaCl and HCl, an aqueous solution of KCl and

HC1l, or mixtures thereof. In some embodiments, the

electrolyte comprises from 0.5 to 5 M VCl; and/or VCl;

dissolved in a supporting electrolyte selected from 0.5 to

10 M agueous HCl, 0.5 to 10 M aqueous solution of a NaCl

gy

and HCl mixture, 0.5 to 10 M agueous solution of a KCl and

HC1 mixture, or mixtures thereof.

gy

In another preferred embodiment of the present invention,

;-

the electrolyte in the negative half-cell comprises VBr;

and/or VBr:; dissolved in a supporting electrolyte selected

from the group consisting of agqueous HBr, aqueous HCL, an

aqueous solution of NaBr and HBr, an aqueous solution of

KBr and HBr, or mixtures thereof. In some embodiments,

the electrolyte comprises from 0.5 to 5 M VBI; and/or VBI,

dissolved in a supporting electrolyte selected from 0.5 to
10 M agqueous HBr, 0.5 to 10 M aqueous HCl, 0.5 to 10 M

agqueous solution of a NaBr and HBr mixture, 0.5 to 10 M

aqueous solution of a KBr and HBr mixture, or mixtures
thereof.

In another preferred embodiment of the present inventilon,
the electrolyte in the negative half-cell comprises VCl;

and/or VCl; dissolved in a supporting electrolyte selected

from the group consisting of adqueous HBr, an aqueous

solution of NaBr and HBr, an aqueousg solution of KBr and

HBr, or mixtures thereof. In some embodiments, the

electrolyte comprises from 0.5 to 5 M VCl; and/or VCl;

digsolved in a supporting electrolyte selected from 0.5 TO

10 M aqueous HBr, 0.5 to 10 M aqueous solution of a NaBr

and HBr mixture, 0.5 to 10 M aqueous solution of a KBr and
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i

HBr mixture, or mixtures thereof.

The charge-discharge reactions in preferred redox flow

P
-—

cells of the present invention are:

Negative half-cell reactions:

Discharge
V2+ _ 1eClic g

< —

charge

> vt o+ e

Pogitive half-cell reactions:

ClBrz- -+ 2e Discharge 227"- + C:I._
=
I cHarqe
oxr

ischarge 3

Br, + 2e ~P- Br
4¢—

charge
or

Discharge
BrxrCl, + 2e — > Br 4+ 2Cl1°

4
charge

The electrolytes in the positive and negative half-cells

of the redox flow cell of the present invention are

separated by an ionically conducting separator to provide
ionic communication between the electrolytes in the
positive and negative half-cells. The ilonically

conducting separator is typically an ion exchange

membrane. The ion exchange membrane may be either a

cation exchange membrane which would allow the transfer of

the charge carrying H', Na® and/or K’ ions depending on the

p—

composition of the electrolytes, or an anion exchange

gr—
p—

membrane which would allow the transfer of charge by
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halide ions such as Cl° and/or Br ions. As the hydrogen

ions are very small, they are also able to migrate across

an anion exchange membrane.

Preferably the ion exchange membrane is a cation exchange

membrane. Such a membrane i1s preferred so that the

transfer of the polyvhalide and/or halide ions is

minimised. The cation exchange membrane may be any cation

ion exchange membrane having good chemical stability when

in contact with the electrolyte containing the polyhalide

ions, low electrical resistivity and low permeability for

polvhalide/halide ions in the positive half-cell

electrolvte and the vanadium ions in the negative half-

cell electrolvyte.

Typically, the cation exchange membrane 1s a

prefluorinated membrane such as Nafion 112 (Du Pont),

Nafion 117 (Du Pont), or other Nafion cation exchange

membranes. Other suitable cations exchange membranes

include Gore Select membranesgs such as Gore Select P-03430

(W.L.. Gore), a Flemion membrane, or Selemion CMV cation

exchange membrane.

Suitable anion exchange membranes are polysulphone based
membranes such as New Selemion Type 2, New Selemion Type

H, or a Tokuyame AFN-R membrane.

The positive and negative electrodes in the redox flow

cell of the present invention are typically porous carbon
or graphite felt, matte or cloth materials on a graphite,

glassy carbon or conducting plastic substrate. The

graphite or carbon felt can also be hot pressed onto a

polyvethylene or polypropylene sheet to form a bipolar

electrode according to the design and method described in
WO 00/57507 (PCT/AU00/00241). The positive electrode may

also be a oxide coated titanium metal sheet or expanded

metal mesh. Such a titanium based electrode provides
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greater long term stability against oxidation during

charging of the positive half-cell.

In some embodiments of the invention, the electrolyte 1in

the positive half-cell may contain, in addition to the

polyvhalide/halide redox couple, one or more other redox

gy

couples. Similarly, in some embodiments of the invention,

the electrolyte in the negative half-cell may contain, in
addition to the V(III)/V(II) redox couple, one or more

other redox couples. The electrolyte in the negative and

positive half-cells may be gelled using fumed silica as a

gelling agent to provide a gelled vanadium

halide/polyvhalide redox battery. In this case, the
electrolytes would be fully contained within the half-

cells and there would be no external tanks or pumps to

pump the electrolytes through the cell stack. A gelled

electrolvte cell or battery would be useful 1n

applications where energy is only required for short

—

periods of time such as in hybrid electric vehicles. The

gelled electrolyte can be prepared by mixing 1-3 % fumed

L

glilica in

o0 the electrolyvte solution and quickly filling

the half-cell containers before gellation has occurred.

Two embodiment of the redox flow cell of the present

invention will now be described, by way of example only,

with reference to Figures 1 and 2.

Figure 1 shows a redox flow cell according to the present

invention. The redox flow cell 11 has a negative

compartment 12 with a negative electrode 13 and a positive

compartment 14 with a positive electrode 15. The negative

compartment 12 contains an electrolyte containing the
V(III)/V(II) redox couple, the electrolyte being in

electrical contact with the negative electrode 13. The

positive compartment 14 contains a electrolyte containing

a polyvhalide/halide redox couple, the electrolyte being in

electrical contact with the positive electrode 15.
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Redox flow cell 11 includes ionically conducting separator

16 disposed between positive and negative compartments 12

and 14, and in contact with the electrolyte in each

compartment to provide ionic communication therebetween.

The electrolyte containing the V(III)/V(II) redox couple
is prepared by dissolving VCl; or V,03 1n aqueous HCI,

aqueous HBr or a mixture thereof to form a solution of

trivalent vanadium ions, and this solution is loaded into

regervolir 17 and negative compartment 12.

The electrolyte containing a polvhalide/halide redox

couple is prepared by preparing a solution of an acid

and/or salt of the relevant halide or halides in water.

This solution i1is then loaded into regervoir 18 and

positive compartment 14.

The electrolyte containing the V(III)/V(II) redox couple

is pumped through the negative compartment 12 and

reservolr 17 via supply and return lines 19 and 20 via

pump 21, and simultaneously the electrolyte containing the

polvhalide/halide redox couple is pumped through positive
compartment 14 and reservolir 18 via supply and return

lines 22 and 23 wvia pump 24.

Redox flow cell 11 is charged by providing electrical

energy from power source 25 to positive and negative

electrodes 15 and 13 by closing switch 26 and opening

switch 27 to derive divalent wvanadium ions 1in the
electrolyte in compartment 12 and polyvhalide i1ong in the

electrolyte 1in compartment 14.

Electricity is produced by redox flow cell 11 by opening

switch 26, closing switch 27 and withdrawing electrical

energy via load 28 which is in electrical communication

with negative and positive electrodes 15 and 13.
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Redox flow cell 11 may be recharged by opening switch 27,

closing switch 26 and providing electrical energy from

power source 25.

An alternatively configured redox flow cell according to

the present invention will now be described with reference

to Figure 2. Figure 2 shows a redox flow cell 11, power

source 25 and load 28 similar to that shown in Figure 1

but in which the reservoirs 17 and 18 of Figure 1 have

been replaced by charge and storage reservolrs 51 and 52
for the electrolyte containing the V(III)/V(II) redox

couple, and charge and storage reservoirs 53 and 54 for

the electrolyte containing the polyhalide/halide redox

couple. Charge reservolir 51 delivers or receives further

electrolyte to or from negative compartment 12 via the

charge supply/return line 55. Similarly, charge reservolir

53 delivers/receives electrolyte to or fxrom positive

compartment 14 via charge supply/return line 56.

Electrolyte is pumped from or to negative compartment 12

to or from storage reservoir 52 via storage supply/return

line 57 by pump 58 and analogously electrolyte i1is pumped
from or to positive compartment 14 to or from storage

reservoir 54 via storage supply/return line 56 by pump 60.

The charging, recharging and electrical production

processes of the redox flow cell shown in Figure 2 are

carried out in a similar manner as those desgcribed above

for the redox flow cell shown in Figure 1 except that the

processes in the negative and positive compartments 12 and

14 are performed as batch processes rather than the

recirculation procedure of Figure 1.

7]
P
Q)

mple 1

Experiments were conducted to examine the electrochemical

reversibility of the V(III)/V(II) redox couple 1in
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)

different concentrations of chloride i1ons in aqueous HCL.

=
=

Figure 3 shows a series of cyclic voltamograms obtained at

a graphite electrode in solutiong containing 2.02 M VCl; in

various concentrations of total Cl1™ ((A) 5.08 M Cl7, (B)
6.68 C1™ and (C) 8.48 M Cl7). The X axis shows the

electrode potential in volts versus the saturated calomel

electrode (SCE). ncreasing the chloride ion

concentration appears to shift the peak potentials, but an

anodic peak is observed at a potential of around -0.75 V

in the solution containing 8.48 M total Cl™ ions while the

corresponding cathodic peak appears at approximately -1.07

V. The formal potential of the V(III)/V(II) redox couple

is thus seen to be at around - 0.95V, which is very

—

suitable for use in the negative half-cell of a redox flow

battery. Another favourable feature is the absence of any

significant hydrogen evolution current at potentials below
the V(III) reduction peak. This indicates that there will

not be serious gassing problems at the negative electrode

during the charging of a redox flow cell employing the

V(III)/V(II) redox couple in an agueous hydrochloride

supporting electrolyte in the negative half-cell.

Example 2

A series of cyclic voltamograms were obtained in aqueous
solutiong of 0.1 M HCl, 1.0 M HC1l + 0.27 M NaBr and 1.0 M
HCl1 + 2.5 M NaBr. The results are shown in Figure 4.
From the lower curve (1.0 M HCl) it can be seen that

scanning the electrode in the positive direction, gives

rise to an anodic current associated with Cl, and/or O,

evolution. No cathodic peak 18 observed on reserving the

gscan potential, thus showing no electrochemically

reversible products are produced at the electrode surface

during the positive scan. However, when NaBr is present

in the electrolyte, anodic and cathodic peaks appear in

the forward and reverse scans respectively, showing that a
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reversible redox couple reaction with a formal potential
of approximately 0.85 V versus SCE, is occurring at the

electrode (middle curve). When the concentration of the

NaBr is increased to 2.5 M (top curve), the height of the

5 anodic peak increaseg significantly, showing that the Br

ions are in fact oxidised at the electrode surface to
produce an electrochemically active product which can be

reduced back to Br  ions on the reverse scan. The

reactions occurring at the electrode can be represented by

10 the following:

) Discharge _ _
ClBr,” + 2e «— > 2Br- + C1
charge
15
and/oxr
Discharge
BrCl,™ +  2e «— > Br™ +  2Cl1°
charge
20
The reversible nature of these reactions demonstrates that
the ClBr, /Br and/or BrCl, /Cl  redox couples are suitable
candidates for use in a redox flow cell.
25

Example 3

A redox flow cell according to the present invention was

prepared using glassy carbon sheets as the current
30 collectors and graphite felt as the electrode material in

both half-cells. A piece of Nafion 112 membrane was used

ags the ion exchange membrane between the two half-cells

and 50mls of each of the two half-cell electrolytes was

h—

placed into the two half-cells. The electrolyte in the
35 negative half-cell was 1.5 M agueous HCl contailning 1 M
VCls;, while the electrolyte in the positive half-cell was

1.5 M agueous HCl containing 1 M NaBr. The solutions were
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p—
p—b

20 mA/cm?
applied. When the cell voltage began to increase rapidly,
and the cell allowed

to discharge at a current density of 20 mA/cm’. Figure 5

pumped through the cell and a charging current O:

)
v

the charging current was switched of:

Il

pr—

5 ghows the plot of cell voltage versus time obtained for

the full charge discharge cycle. From this plot,

-

coulombic and voltage efficiency values were calculated as

83% and 80% respectively.

10 In the claims which follow and in the preceding

description of the invention, except where the context

requires otherwise due to express language or necessary

)

implication, the word “comprising” is used in the sense O:

“including”, i.e. the features specified may be associated

15 with further features in various embodiments of the

invention.
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CLAIMS::
1. A redox flow cell comprising a positive-half-cell and

a negative half-cell, the positive half-cell containing an

5 electrolyte containing a polyhalide/halide redox couple,

and the negative half-cell containing an electrolyte

containing the V(III)/V(II) redox couple.

2. The redox flow cell according to claim 1, wherein the

10 electrolyte in the negative half-cell comprises VCl, and/or

VCl. dissolved in a supporting electrolyte selected from

the group consisting of agqueous HCl, an agqueous solution

of NaCl and HCl, an agueous solution of KCl and HCLl, or

mixtures thereof.

15

3. The redox flow cell according to claim 2, wherein the

electrolyte in the negative half-cell comprises from 0.5

to 5 M VCl; and/or VCl, dissolved in a supporting

electrolyte selected from 0.5 to 10 M agqueous HCL, 0.5 to

P

20 10 M aqueous solution of a NaCl and HCl mixture, 0.5 to 10

M aqueous solution of a KCl and HCl mixture, or mixtures
thereof.

4. The redox flow cell according to claim 1 wherein the

25 electrolyte in the negative half-cell comprises VBr; and/or

VBr: dissolved in a supporting electrolyte selected from

p—

~he group consisting of agqueous HBr, agqueous HCl, an

aqueous solution of NaBr and HBr, an aqueous solution of

KBr and HBr, or mixtures thereof.

30

5. The redox flow cell according to claim 4, wherein the

electrolyte in the negative half-cell comprises from 0.5

to 5 M VBr; and/or VBr, dissolved in a supporting

electrolyte selected fxrom 0.5 to 10 M agqueous HBr, 0.5 TO

35 10 M aqueous HCLl, 0.5 to 10 M agqueous solution of a NaBr

and HBr mixture, 0.5 to 10 M agueous solution of a KBr and

i)

HBr mixture, or mixtures thereof.
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6. The redox flow cell according to any one claims 1 to

5, wherein the electrolyte in the positive half-cell

contains a polvhalide/halide redox couple selected from
ClIBrz-/Br_ p 3r3'/3r" QXY BI’Clz_/Cl” .

7 . The redox flow cell according to claim 6, wherein,

when the redox flow cell is fully discharged, the

electrolyvte in the positive half-cell contains Cl° and Br’

ions in a total concentration of 1 to 12 M.

8 . The redox flow cell according to claim 6, wherein,

when the redox flow cell is fully charged, the electrolyte

in the positive half-cell contains the polyhalide ClBx»,

F
=

Br,~, BrCl, , or a mixture thereof, in a total polyhalide

[ -

concentration of 0.5 to 5 M.

0. A negative half-cell electrolyte containing the

V(III)/V(II) rxedox couple when used in the redox flow cell

according to any one of claims 1 to 8.

10. A positive half-cell electrolyte containing a

polvhalide/halide redox couple when used in the redox flow

cell according to any one of claims 1 to 8.

11. A redox flow cell having a positive compartment

containing an electrolyte in electrical contact with a

positive electrode, said electrolyte containing polyhalide
ions, halide ions capable of being oxidised to form
polyvhalide ions, or a mixture of polyhalide ions and

oty

halide ions capable of being oxidised to form polyhalide

ions, a negative compartment containing an electrolyte 1in

electrical contact with a negative electrode, said

electrolyte containing vanadium (III) ions, vanadium (II)

ions or a mixture of vanadium (III) ions and vanadium (ITI)

ions, and an ionically conducting separator disposed

between said positive compartment and said negative
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compartment and in contact with the electrolyte in said

positive compartment and the electrolyte in said negative

compartment to provide 1onic

communication between the

electrolyte in said positive compartment and the

electrolyte in said negative

compartment.

12. A process for producing electricity, comprising

withdrawing elec

crical energy

from a redox flow cell

according to claim 11, wherein the electrolyte 1n the

negative compartment contains

polvhalide i1ions,

gsome vanadium (II) ions and

the electrolyte in the positive compartment contains some

by loading an external circuit in

electronic communication with the positive electrode and

the negative electrode of the

13. A process for charging

redox flow cell.

a redox flow cell according to

claim 11, wherein the electrolyte in the negative

compartment conte

electrolyte in the posi:

halide ions capable o:

ing some vanadium (III) ions and the
~ive compartment contains some

- being oxidised to form polyhalide

iong, comprising providing electrical energy from an

external energy source to the positive and negative

electrodes of the redox flow cell to derive divalent

vanadium i1onsg in

the electrolyte in the negative

compartment and polyvhalide ions in the electrolyte in the

positive compartment.

14 . A redox flow cell according to any one of claims 1 to

8 or 11 wherein

of fumed silica.

the electroly

e is gelled by the addition



WO 03/019714

CA 02458253 2004-02-23

1/5

FIGURE 1
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FIGURE 3
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FIGURE 4
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