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(57) ABSTRACT

A prior to charge vanadium halide redox cell, a vanadium
halide redox cell which 1s at a state of charge selected from
the group consisting of a zero state of charge and a near zero
state of charge and vanadium halide redox cell which are
tully charged and partially charged are described. The prior
to charge vanadium halide redox cell comprises a positive
half cell containing a positive half cell solution comprising
a halide electrolyte, vanadium (III) halide and vanadium
(IV) halide, a negative half cell containing a negative half
cell solution comprising a halide electrolyte, vanadium (I1I)
halide and vanadium (N) halide wherein the amounts of

vanadium (III) halide, vanadium (IV) halide and halide 1ons
in the positive and negative half cell solutions are such that
in a first charging step comprising charging the prior to
charge vanadium halide redox cell, a vanadium halide redox
cell having a state of charge selected from the group
consisting of a zero state of charge and a near zero state of
charge comprising predominantly vanadium (N) halide 1n
the positive hall cell solution and predominantly V(III)
halide 1n the negative halt cell solution can be prepared. The
vanadium halide redox cell which 1s at a state of charge
selected from the group consisting of a zero state of charge
and a near zero state of charge comprises a positive half cell
containing a positive half cell solution comprising a halide
clectrolyte and a vanadium halide which 1s predominantly
vanadium (N) halide, a negative half cell containing a
negative half cell solution comprising a halide electrolyte
and a vanadium halide which i1s predominantly vanadium
(III) halide wherein the amount of vanadium (N) halide 1n
the positive half cell solution and the amount of vanadium
(I11) halide 1n the negative half cell solution are such that the
vanadium halide redox cell 1s at a state of charge selected
from the group consisting of a zero state of charge and a near
zero state of charge. The vanadium halide redox cell which
1s Tully charged comprises a positive half cell containing a
positive half cell solution comprising a halide electrolyte, a
polyhalide complex, vanadium (IV) halide and vanadium
(V) halide, a negative half cell contaiming a negative half cell
solution comprising a halide electrolyte and vanadium (II)
halide wherein the molar concentration of vanadium (V) and
polyhalide complex:molar concentration of vanadium (II)
halide 1s about stoichiometrically balanced. The vanadium
halide redox cell which 1s partially charged comprises a
positive half cell containing a positive half cell solution
comprising a halide electrolyte, a polyhalide complex, vana-
dium (IV) halide and vanadium (V) halide, a negative half
cell containing a negative half cell solution comprising a
halide electrolyte, vanadium (II) halide and vanadium (III)
halide wherein the number of moles of moles of polyhalide
complex and vanadium (V): number of moles of vanadium
(II) halide 1s about stoichiometrically balanced.
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NOVEL VANADIUM HALIDE REDOX FLOW
BATTERY

TECHNICAL FIELD

[0001] Disclosed 1s a vanadium halide redox flow cell
employing a 50:50 vanadium(III)/(IV) halide solution as the
initial feed electrolyte solution in both the positive and
negative half cells. Also disclosed 1s the 50:50 V(II)/V({IV)
halide feed solution for use in the positive and negative
half-cells of the vanadium halide redox flow cell. A vana-
dium halide redox flow cell 1s also disclosed 1n which the
initial feed solution for the negative half-cell 1s a vanadium
(III) halide electrolyte and 1n which a vanadium (IV) halide
electrolyte 1s used as feed solution for the positive hali-cell.
Methods of producing the vanadium (III), vanadium (IV)
and vanadium (II1)/(IV) halide electrolytes for the vanadium
halide redox flow cell are also disclosed. In addition, a
method of producing electricity by discharging the fully
charged or partially charged vanadium halide redox tlow cell
or battery 1s disclosed, as well as methods of recharging the
discharged or partially discharged vanadium halide redox
flow cell or battery.

[0002] Also disclosed 1s a high energy density vanadium
halide redox flow cell employing a 2:1 ratio of vana-
drum(III) halide and vanadium (IV) halide 1n the mitial feed
clectrolyte solution for both the positive and negative half
cells, wherein the volume of the positive hali-cell solution 1s
half the volume of the negative half-cell solution. A high
energy density vanadium halide redox flow cell 1s also
disclosed 1n which the mitial feed solution for the negative
half-cell 1s a vanadium (III) halide electrolyte and that for
the positive half-cell 1s a 50:50 vanadium (III)/vanadium
(IV) halide electrolyte, wherein the volume of the positive
half-cell electrolyte 1s hallf that of the negative hali-cell.
Methods of producing the vanadium (II1)/(IV) halide elec-
trolytes for the high energy density vanadium halide redox
flow cell are also disclosed.

[0003] An immobilised or gelled electrolyte vanadium
halide redox cell 1s also disclosed as well as the method of
immobilising the vanadium halide redox cell electrolyte. In
addition, a method of producing electricity by discharging
the fully charged or partially charged vanadium halide redox
flow cell or battery or the gelled electrolyte cell or battery 1s
disclosed, as well as methods of recharging the discharged
or partially discharged vanadium halide redox flow cell or
battery or immobilised redox cell or battery.

BACKGROUND

[0004] The factors that determine the energy density of a
redox flow battery are the concentration of the redox 1ons in
solution, the cell potential and the number of electrons
transierred during discharge per mole of active redox 1ons.
In the case of the all-vanadium redox flow cell, the maxi-
mum vanadium 10on concentration that can be employed for
wide temperature range operation 1s typically 2 M or less.
This concentration represents the solubility limit of the V(II)
and/or V(III) 1ons 1n the sulphuric acid supporting electro-
lyte at temperatures below 5° C. and the stability of the V(V)
ions at temperatures above 40° C.

[0005] The use of a vanadium (IV) bromide solution in
both halt-cells of an all vanadium bromide redox flow cell

was described in Australian patent application PS1921
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“Vanadium Bromide Redox Flow Battery” and PCT Appli-
cation, PCT/GB2003/001757 “Metal Bromide Redox Flow
Cell”. This system involves the use of a solution of 0.1 to 5
M vanadium (IV) bromide 1n HBr/HC] mixtures 1n both the
positive and negative hali-cell electrolytes, thereby over-
coming the problem of cross-contamination of the two
half-cell solutions. The higher solubility of V(II) and V(III)
bromide 1n this systems allows much higher energy densities
to be achieved compared with the vanadium sulphate based
redox flow cell.

[0006] In Australian patent application PS1921 “Vana-
dium Bromide Redox Flow Battery” and PCT Application,
PCT/GB2003/001757 “Metal Bromide Redox Flow Cell”, a
V({IV) bromide solution 1s used 1n equal volumes in both
half-cells. In these patents, 1t was proposed that during the
initial charge cycle, the V(IV) 1ons are first oxidised to V(V),
followed by the oxidation of the Br to Br; or Br,Cl 1n the
positive half-cell, while V(IV) 1s reduced by a 2-electron
process to V**in the negative half-cell. Subsequent charge-
discharge cycling involves the one-electron V**/V-*oxida-
tion-reduction reaction in the negative hali-cell and the
Br /Br; redox reactions in the positive half-cell.

[0007] Further investigations by the inventors, have how-
ever revealed that V(IV) 1s not oxidised to V(V) to any
appreciable extent 1n the presence of the high bromide 10n
concentration required to stabilise the bromine produced at
the positive electrode, so that during the 1nitial charge cycle,
the positive electrolyte must undergo oxidation of two moles
of Br-ions for every mole of V(IV) reduced to V**at the
negative electrode. Similarly, on discharge, the V**ions are
oxidised to V>*by a one-electron reduction process, so only
half of the formed bromine i1s converted back to the original
Brform during the discharge cycle. This means that the
positive hali-cell electrolyte always contains excess bromine
or the relatively unstable Br,"or Br,Cl species that could
give rise to bromine gas emission problems during operation
of the vanadium bromide battery. Furthermore, the presence
of excess bromine 1n the positive half-cell electrolyte
increases the corrosive properties of this solution, reducing
the life of the cell components.

[0008] It 1s therefore desirable to alter the composition of
the feed electrolyte for the vanadium halide redox flow cell
to avoid the production of excess bromine during cell
operation. It 1s also desirable to alter the electrolyte produc-
tion process to avoid generation ol excess bromine during
clectrolyte preparation.

[0009] The inventors have also discovered that by flirter
adjusting the composition of the initial feed solution for both
half-cells of the vanadium halide redox cell, 1t 1s possible to
halve the volume of the positive half-cell solution and still
achieve the same capacity during cycling. This would allow
a 25% decrease 1n the volume and weight of the electrolytes,
thereby increasing the energy density and specific energy of
the vanadium halide system by up to 25%, providing an
important benefit for mobile applications 1n particular.

[0010] The inventors have further found that by complex-
ing, immobilising or gelling the vanadium halide cell elec-
trolytes, 1t 1s possible to stabilise the bromine produced, so
that a greater fraction of the bromide ions can be oxidised
during charging in the positive half-cell electrolyte without
significant bromine loss.
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SUMMARY OF THE INVENTION

[0011] According to a first aspect of this invention there is
provided a prior to charge vanadium halide redox cell
comprising:

[0012] a positive half cell containing a positive half cell
solution comprising a halide electrolyte, vanadium (III)

halide and vanadium (IV) halide;

[0013] a negative half cell containing a negative half cell

solution comprising a halide electrolyte, vanadium (III)
halide and vanadium (IV) halide;

[0014] wherein the amounts of vanadium (III) halide,
vanadium (IV) halide and halide 1ons 1n the positive and
negative half cell solutions are such:

[0015] that in a first charging step comprising charging the
prior to charge vanadium halide redox cell, a vanadium
halide redox cell having a state of charge selected from the
group consisting ol a zero state of charge and a near zero
state of charge comprising predominantly vanadium (IV)
halide 1n the positive half cell solution and predominantly
V(II) halide in the negative half cell solution can be
prepared.

[0016] Predominantly may be taken to mean 100 molar %

of the total vanadium 1on concentration or between 80% and
100%, 85% and 100%, 90% and 100%, 93% and 100%, 95%

and 100%, 97% and 100%, 98% and 100% or 99% and
100% of the total vanadium ion concentration 1n the par-
ticular solution.

[0017] The positive half cell may comprise a positive
clectrode and the negative half cell may comprise a negative
clectrode. The redox cell may comprise an 1onically con-
ducting separator disposed between the positive and nega-
tive half cells and 1n contact with the positive and negative
half cell solutions. The 1onically conducting separator may
be a membrane or other suitable separator.

[0018] In the prior to charge vanadium halide redox cell
the amounts of vanadium (III) halide, vanadium (IV) halide
and halide 10ons 1n the positive and negative half cell solu-
tions may be such:

[0019] that in a second charging step comprising charging
the zero state ol charge vanadium halide redox cell, a
charged vanadium halide redox cell comprising a polyhalide
complex 1n the positive half cell solution and vanadium (II)
halide 1n the negative half cell solution can be prepared.

10020] The positive half cell solution may comprise vana-
dium (III) halide and vanadium (IV) halide 1n a V(III): V(IV)
molar ratio of from about 0.9:1 to about 6:1 in the halide

clectrolyte and the negative half cell solution comprises
vanadium (III) halide and vanadium (IV) halide 1n a V({I-

[):V(IV) molar ratio of from about 0.8:1 to 6:1 or from 0.9:1
to about 6:1 or from about 0.95:1 to about 6:1 or from about
0.98:1 to about 6:1 or from about 0.99:1 to about 6:1 or from
about 1:1 to about 6:1 or from about 1.01:1 to about 6:1 or
from about 1.02:1 to about 6:1 or from about 1.03:1 to about
6:1 or from about 1.04:1 to about 6:1 or from about 1.05:1
to about 6:1 or from about 1.1:1 to about 6:1 or from about
1.5:1 to about 6:1 or from about 1.75:1 to about 6:1 or from
about 2:1 to about 6:1 or from about 2.25:1 to about 6:1 or
from about 2.5:1 to about 6:1 or from about 0.9:1 to about
5.5:1 or from about 0.9:1 to about 5:1 or from about 0.9:1
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to about 4.75:1 or from about 0.9:1 to about 4.5:1 or from
about 0.9:1 to about 4:1 or from about 0.9:1 to about 3.75:1
or from about 0.8:1 to about 3.5:1 or from about 0.9:1 to
about 3.5:1 or from about 0.9:1 to about 3:1 or from about
0.8:1 to about 3:1 or from about 0.9:1 to about 2.5:1 or from
about 0.8:1 to about 2.5:1 or from about 0.9:1 to about 2:1
or from about 1:1 to about 2:1 or from about 1.1:1 to about
2:1 and the volume of the negative half cell solution:the
volume of the positive half cell solution may be equal to or

about equal to the V(III):V(IV) molar ratio.

10021] The V{III):V(IV) molar ratio may be about 1:1 and

the volume of the negative half cell solution:the volume of
the positive half cell solution may be about 1:1.

10022] The V{II):V(IV) molar ratio may be about 2:1 and
the volume of the negative half cell solution:the volume of
the positive half cell solution may be about 2:1.

[0023] The halide may be selected from the group con-
sisting of bromide and a combination of bromide and

chloride.

10024] The total halide 10n concentration may be at least
3 times the total vanadium 1on concentration. The total
halide concentration may be 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7,
7.5, 8, 85,9, 9.5, 10 or 10.5 times the total vanadium 1on
concentration. The total halide concentration may be 1n the

range 3-10.5 or 3-10 or 3-9 or 3-8 or 3-7 or 3-6 or 3-5 or 3-4
times the total vanadium 1on concentration.

[0025] The halide may be selected from the group con-
sisting of bromide and a combination of bromide and
chloride where the concentration of bromide 10ns 1s greater
than the concentration of chloride 10ns and where the total
halide 10n concentration 1s at least 3 times the total vanadium
1on concentration.

[0026] According to a second aspect of this invention
there 1s provided a vanadium halide redox cell which 1s at a
state of charge selected from the group consisting of a zero
state of charge and a near zero state of charge comprising:

[0027] a positive half cell containing a positive half cell
solution comprising a halide electrolyte and a vanadium
halide which 1s predominantly vanadium (IV) halide;

[0028] a negative half cell containing a negative half cell
solution comprising a halide electrolyte and a vanadium
halide which 1s predominantly vanadium (III) halide;

[0029] wherein the amount of vanadium (IV) halide in the
positive half cell solution and the amount of vanadium (I1I)
halide 1 the negative half cell solution are such that the
vanadium halide redox cell 1s at a state of charge selected
from the group consisting of a zero state of charge and a near
zero state of charge.

[0030] A near zero state of charge includes a state of
charge 1n the range of between +20% and -20%, +15% and
—-15%, +10% and -10%, +5% and -5%, +3% and -3%, +2%
and —2% or +1% and -1% of a state of zero charge.

[0031] The positive half cell solution may not include a
significant amount of polyhalide complex at zero state of
charge or near zero state of charge.

[0032] According to a third aspect of this invention there
1s provided a vanadium halide redox cell which 1s fully
charged comprising:
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[0033] a positive half cell containing a positive half cell
solution comprising a halide electrolyte, a polyhalide com-
plex, vanadium (IV) halide and vanadium (V) halide;

[0034] a negative half cell containing a negative half cell
solution comprising a halide electrolyte and vanadium (1I)

halide;:

[0035] wherein the molar concentration of vanadium (V)
and polyhalide complex:molar concentration of vanadium
(II) halide 1s about stoichiometrically balanced.

[0036] According to a fourth aspect of this invention there
1s provided a vanadium halide redox cell which 1s partially
charged comprising;:

[0037] a positive half cell containing a positive half cell
solution comprising a halide electrolyte, a polyhalide com-
plex, vanadium (IV) halide and vanadium (V) halide;

[0038] a negative half cell containing a negative half cell

solution comprising a halide electrolyte, vanadium (II)
halide and vanadium (III) halide;

[0039] wherein the number of moles of polyhalide com-
plex and vanadium (V):number of moles of vanadium (II)
halide 1s about stoichiometrically balanced.

10040] In the third and fourth aspects the number of moles

of polyhalide complex: the number of moles of vanadium
(II) halide may be about 1:2.

[0041] In the third and fourth aspects the number of moles
of polyhalide complex:the number of moles of vanadium (II)

halide may be in the range of from about 0.7:2 to about
1.3:2.

[0042] In the third and fourth aspects the polyhalide
complex forms a halide/polyhalide redox couple. The
halide/polyhalide redox couple may be Bry; /Br~, CIBr,/Br~
or Br(Cl,7/CI7, for example. Further examples of halide/
polyhalide redox couples are described i PCT?AU02/

01157 incorporated by cross reference.

10043] In the first to fourth aspects the halide may be
selected from the group consisting of bromide and a com-
bination of bromide and chloride.

10044] In the first to fourth aspects the total halide ion
concentration may be at least 3 times the total vanadium 1on
concentration. The total halide concentration may be 3, 3.5,
4,4.5,5,55,6,6.5,7,7.5, 8, 85,9, 9.5, 10 or 10.5 times
the total vanadium 1on concentration. The total halide con-
centration may be in the range 3-10.5 or 3-10 or 3-9 or 3-8
or 3-7 or 3-6 or 3-5 or 3-4 times the total vanadium 1on
concentration.

10045] In the first to fourth aspects the halide may be
selected from the group consisting of bromide and a com-
bination of bromide and chloride where the concentration of
bromide 1ons 1s greater than the concentration of chloride
1ons and where the total halide 10n concentration 1s at least
3 times the total vanadium 10n concentration.

[10046] In the first to fourth aspects the positive half cell
may comprise a positive electrode and the negative half cell
may comprise a negative electrode. The positive electrode 1s
in contact with the positive half cell solution and the
negative electrode 1s in contact with the negative half cell
solution. The redox cell may comprise an 1onically conduct-
ing separator disposed between the positive and negative
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half cells and 1n contact with the positive and negative half
cell solutions. The 10nically conducting separator may be a
membrane or other suitable separator.

[0047] In the first to fourth aspects the redox cells may be
operated over a wide temperature range such as 1n one of the
following temperature ranges —10 to 99, 0 to 99 1 to 99, 5
to 95, 510 90, Sto 75, 5 to 70, 5 to 635, 5 to 60, 5 to 55, 5
to 50, 5 to 45, 0 to 45, —10 to 45, 5 to 40, 0 to 40, -10 to
40, 5 to 35, 0 to 35, -10 to 33, 5 to 30, 0 to 30, 5 to 25, 5

to 20, 10 to 30, 15 to 50, 18 to 50, 15 to 40, 15 to 35 degrees
centigrade.

[0048] In the first to fourth aspects the halide electrolyte
may also contains a complexing agent for the bromine
produced during charging.

[0049] In the first to fourth aspects the halide electrolyte
may be immobilised or gelled. A suitable immobilising
agent or gelling agent 1s fumed silica.

[0050] In the first to fourth aspects the redox cell may be
a stirred or agitated redox cell or a static redox cell or a tlow
redox cell or other suitable redox cell such as an 1mmobil-
1sed redox cell or a gelled redox cell or other redox cell.
Throughout the specification the term redox cell may also be
referred to as a redox battery.

[0051] According to a fifth aspect of this invention there 1s
provided a method for producing an electrolyte for a vana-
dium halide redox cell comprising:

[0052] dissolving a V(III) compound and a V(V) com-
pound 1n an approximately 3:1 molar ratio 1n a solution of
HBr, LiBR, NaBr, KBr or mixtures thereof to produce an
approximately 50:50 mixture of V(III) and V(IV) 1ons 1n the
solution. The V(III) compound may be V,0, and the V(V)

compound may be V,0..

[0053] In a particular form there is provided a method for
producing an electrolyte for a vanadium bromide redox cell
involving the mixing of a V(II) compound with a V(V)
compound 1n a 3:1 molar ratio 1 a solution of HBr, NabBr,
KBr or mixtures thereof and stirring until fully dissolved to
produce an approximately 50:50 mixture of V(III) and V(IV)
ions. To avoid excessive bromine generation, the V(III)
compound 1s added to the halide solution first and allowed
to partially dissolve betfore addition of the V(V) compound.
The dissolution may be at room temperature or at a tem-
perature ranging from room temperature to boiling tempera-
ture. Approximately equal volumes of the solution produced
1s added to both half-cells of the prior to charge vanadium
halide redox cell.

[0054] According to a sixth aspect of this invention there
1s provided a method for producing an electrolyte for a
vanadium halide redox cell comprising:

[0055] dissolving equimolar amounts of a V(II) com-
pound and a V(IV) compound 1n a solution of HBr, LiBr,

NaBr, KBr or mixtures thereof to produce an approximately
50:50 mixture of V(III) and V(IV) 10ns.

[0056] The V(III) compound may be V,0, and the V(IV)
compound may be V,0,.

0057] The solution may also contains chloride ions.

0058] According to a seventh aspect of this invention
there 1s provided a method for producing an electrolyte for
a vanadium halide redox cell comprising:
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[0059] dissolving a V(III) compound and a V(V) com-
pound in a 4.5:1 molar ratio 1n a solution of HBr, LiBr, NaBr,

KBr or mixtures thereof to produce a 2:1 mixture of V(III)
and V(IV) 10ns.

[0060] The V(II) compound may be V,0, and the V(V)
compound may be V,0.. To avoid excessive bromine gen-
eration, the V(III) compound 1s added to the halide solution
first and allowed to partially dissolve before addition of the
V (V) compound. The dissolution may be at room tempera-
ture or at a temperature ranging from room temperature to
boiling temperature. The solution produced 1s added to both
half-cells of the prior to charge vanadium halide redox cell,
the ratio of the positive half-cell solution to the negative
half-cell solution being approximately 1:2.

[0061] According to an eighth aspect of this invention
there 1s provided a method for producing an electrolyte for
a vanadium halide redox cell comprising:

[0062] dissolving a 2:1 molar ratio of a V(III) compound
and a V(IV) compound 1n a solution of HBr, LiBr, NaBr,

KBr or mixtures thereof to produce a 2:1 mixture of V(III)
and V(IV) 1ons.

[0063] The V(III) compound may be V,0; and the V(IV)
compound may be V,0,.

[0064] In the fifth to eighth aspects of the invention the
total vanadium 1on concentration may be between 0.5 and 3
M,075and S M, 1and 5 M, 1.25 and 5 M, 1.5 and 5 M,
1.75and S M, 1.9and 5 M, 2 and S M, 2.1 and 5 M, 2.25
and S M, 23 and 5 M, 24 and 5 M, 2.5 and 5 M, 2.7 and
SM,3and5M,3.5and5M,4and 5M, 1 and 4.5 M, 1 and
4M,1and3.5M,1and3 M, 1 and 2.75 M, 1 and 2.5 M,
1l and 2.25 M, 1 and 2, 1.8 and 2.75 M, 1.8 and 2.5 M, 1.8
and 2.4 M, 1.8 and 23 M, 1.8 and 2.2 Mor 1.9 and 2.1 M
and the total bromide 10n concentration may be between 2
and 12 M. there may be bromide 1ons or a mixture of
bromide and chloride 1ons. The total halide 10n concentra-
tion (which may be bromide 10ns or a mixture of bromide
and chloride 10ns) at least 3 times the total vanadium 10n
concentration. In the case where there 1s a mixture of
bromide and chloride ions the concentration of bromide 1ons
1s greater than the concentration of chloride ions.

[0065] The electrolyte may be HBr and the total bromide
ion concentration may be 2 to 12 M.

[0066] The electrolyte may also contain chloride ions at a
concentration of 0.5 to 3 M.

[0067] In one particular form of the invention there is
provided vanadium bromide or vanadium bromaide/chloride
redox tlow cell (also referred to as a vanadium halide redox
flow cell) employing a solution of vanadium (III) bromide or
vanadium (III) bromide/chloride 1n the negative hali-cell
and vanadium (IV) bromide or vanadium (IV) bromide/
chloride 1n the positive hali-cell.

[0068] An approximately 50:50 mixture of vanadium (III)
and vanadium (IV) bromide may be used in both half-cells.

[0069] The negative half-cell electrolyte may also contain
V(I), V(II) and/or V(IV) 101ns 1n a supporting electrolyte of
HBr, NaBr, KBr or mixtures thereof and where the positive
clectrolyte contains a bromide/polyhalide couple in the

presence of V(IV) and/or V(V) 10ns.
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[0070] The charged or partially charged negative half-cell
clectrolyte may contain VBr,, and/or VBr; 1n a supporting
clectrolyte selected from the group HBr, LiBr, NaBr, KBr,
HCI, Na(Cl, KCI or mixtures thereof.

[0071] The negative half cell electrolyte solution may
comprise 0.5 to 5 M VBr, and/or VBr, in 0.1 to 10 M HBr

or HCI/HBr or NaCl/HBr or KCI/HBr mixtures

[0072] The charged or partially charged positive half-cell
clectrolyte may contain redox couples selected from the
group Br~/Br,~, Br/BrCl,~, Br~'Br,Cl or mixtures thereof.

[0073] The positive half-cell electrolyte solution may
include vanadium i1ons 1n a mixture of Cl and Br of total
concentration 1 to 12 M.

[0074] The positive half-cell electrolyte may include
vanadium 1ons 1n a solution containing 0.5 to 5 M polyhalide
ions such as, for example, Bry or Br,Cl ions or mixtures
thereol (for a more detailed list of polyhalide 1ons particu-
larly polybromide, polychloride and polybromide/chloride
ions see PCT/AU02/01157 the contents of which are incor-

porated herein by cross reference).

[0075] The redox flow cell may comprise a negative
half-cell may comprise a solution of V(III) and/or V(IV)
ions 1n a supporting electrolyte selected from the group
comprising HBr, NaBr, KBr or mixtures therecof and a
positive half-cell with a solution of V(IV) and/or V(V) 1ons
in a supporting electrolyte selected from the group compris-
ing HBr, NaBr, KBr or mixtures thereof.

[0076] The positive and negative half-cell electrolytes

may also contain chloride ions at a concentration of 0.1 to
S M.

[0077] A partially charged negative half-cell electrolyte
solution for the vanadium halide redox flow cell may
comprise 0.5 to 5 M VBr, and/or VBr; in a supporting
clectrolyte of HBr, NaBr, KBr or mixtures thereof.

[0078] The negative half-cell electrolyte solution may also
contain Cl 1ons at a concentration of 0.1 to 5 M.

[0079] In the negative half-cell electrolyte an excess bro-
mide and chloride 1on concentration may be in the range

selected from the group consisting of 0.1 to 10 M and 0.1 to
S M.

[0080] A discharged or partially charged positive half-cell
clectrolyte solution for the vanadium halide redox flow cell
may comprise V(IV) and/or V(V) 1ons 1n a supporting
clectrolyte of HBr, NaBr, KBr or mixture thereof.

[0081] The positive half-cell electrolyte solution may also
contain 0.5 to 5 M vanadium 1ons 1n a mixture of 0.5 to 12
M bromide and chloride 10ons.

[0082] In another form there 1s provided a method for
producing the electrolyte for a vanadium halide redox flow
cell involving the mixing of equimolar amounts of a V(III)
compound with a V(IV) compound in a solution of HBr,
NaBr, KBr or mixtures therecolf and stirmng until fully

dissolved to produce an approximately 50:50 mixture of
V({II) and V({IV) 10ns.

[0083] The V(II) compound may be V,0, and the V(IV)
compound may be V,0,.
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[0084] The solution may also contains chloride 1ons. The
total bromide 10n concentration may be greater than the total
chloride 10n concentration.

[0085] In a further form there is provided a high energy
density vanadium halide redox flow cell employing an mitial
feed solution of approximately 2 to 1 molar ratio of vana-
dium (III) bromide and vanadium (IV) bromide in both
half-cells wherein the positive half-cell electrolyte volume 1s
approximately half the negative half-cell electrolyte volume.

[0086] In another form there 1s provided a method for
producing an electrolyte for a high energy vanadium bro-
mide redox flow cell involving the mixing of a V(III)
compound with a V(V) compound 1n a 4.5:1 molar ratio 1n
a solution of HBr, NaBr, KBr or mixtures thereof and
stirring until fully dissolved to produce an approximately 2:1

mixture ol V(III) and V(IV) 1ons.

[0087] The V(II) compound may be V,0,; and the V(V)
compound may be V,0.. To avoid excessive bromine gen-
eration, the V(III) compound 1s added to the halide solution
first and allowed to partially dissolve before addition of the
V (V) compound. The dissolution may be at room tempera-
ture or at a temperature ranging from room temperature to
boiling temperature or from room temperature to 80° C.

[0088] In a further form there is provided a method for
producing the electrolyte for a vanadium halide redox flow
cell mmvolving the mixing of 2:1 molar ratio of a V(III)
compound and a V(IV) compound in a solution of HBr,
NaBr, KBr or mixtures therecolf and stirmng until fully

dissolved to produce an approximately 2:1 mixture of V(I1I)
and V(IV) 1ons.

10089] The V{II) compound may be V,0, and the V(IV)
compound may be V,0,.

[0090] The total vanadium ion concentration may be
between 0.5 and 5 M and the halide may be bromide or
bromide/chloride total bromide 10n or bromide/chloride 1on
concentration may be between 2 and 12 M.

[0091] The supporting electrolyte may be HBr and the
total bromide 10n concentration may be 8 to 12 M.

10092] The solution may also contain chloride ions at a
concentration of 0.5 to 3 M.

[0093] In a ninth aspect of this invention there is provided
a process of partially charging a prior to charge vanadium
halide redox cell of the first aspect comprising providing
clectrical energy to a positive electrode 1n the positive half
cell and a negative electrode 1n the negative half cell to
derive trivalent vanadium 1ons 1n the negative hall cell
solution and tetravalent vanadium 1ons in the positive half
cell solution.

[0094] After the partially charging process of the ninth
aspect the redox cell may be at zero state of charge or near
zero state of charge. After the partially charging process of
the ninth aspect the electrolyte 1n the redox cell may not
contain a polyhalide complex.

[0095] According to a tenth aspect of this invention there
1s provided a process of charging a prior to charge vanadium
halide redox cell of the first aspect comprising providing,
clectrical energy to a positive electrode 1n the positive half
cell and a negative electrode 1n the negative half cell to
derive divalent vanadium 1ons in the negative half cell
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solution and tetravalent vanadium ions, pentavalent vana-
dium 10ons and a halide/polyhalide redox couple in the
positive half cell solution.

[0096] After the charging process of the tenth aspect the
redox cell may be partially charged or fully charged.

[0097] According to an eleventh aspect of this invention
there 1s provided a process of charging a zero state of charge
or near zero state of charge vanadium halide redox cell of the
second aspect comprising providing electrical energy to a
positive electrode in the positive half cell and a negative
clectrode 1n the negative half cell to derive divalent vana-
dium 10ns 1n the negative half cell solution and tetravalent
vanadium 1ons, pentavalent vanadium 1ons and a halide/
polyhalide redox couple in the positive half cell solution.

[0098] After the charging process of the eleventh aspect
the redox cell may be partially charged or fully charged.

[0099] According to a twelfth aspect of this invention
there 1s provided a process of charging a partially charged
vanadium halide redox cell of the third aspect comprising
providing electrical energy to a positive electrode 1n the
positive half cell and to a negative electrode in the negative
half cell to derive divalent vanadium 1ons in the negative
half cell solution and tetravalent vanadium 1ons, pentavalent
vanadium 10ns and a halide/polyhalide redox couple 1n the
positive half cell solution.

[0100] After the charging process of the twelfth aspect the
redox cell may be partially charged or fully charged.

[0101] The invention provides a vanadium redox cell
prepared by the process of any one of the ninth to twelith
aspects.

[0102] According to a thirteenth aspect there is provided a
process for the production of electricity from a vanadium
halide redox cell of the third or fourth aspects which process
comprises withdrawing electrical energy from the redox
cell.

[0103] Withdrawing electrical energy may comprise elec-
trically coupling an electrical load with a positive electrode
in the positive half cell and with a negative electrode 1n the
negative halt cell.

[0104] According to a fourteenth aspect of this invention
there 1s provided a process of rebalancing the electrolytes of
a vanadium halide redox cell of any one of the first to fourth
aspects comprising mixing the positive half cell solution
with the negative half cell solution to form a mixed solution
and placing the mixed solution 1n the positive half cell and
the negative half cell.

[0105] The positive half cell may be sealed air tight and
the positive solution may be deaerated. The positive half cell
may be deaerated. The positive half cell and the positive
solution may be dearated with nitrogen, argon, helium, or
other suitable gas. The positive half cell and the positive
solution may be debated with a non oxygen containing gas.
The negative half cell may be sealed air tight and the
negative solution may be deaerated. The negative half cell
may be deaerated. The negative half cell and the negative
solution may be dearated with nitrogen, argon, helium, or
other suitable gas. The negative half cell and the negative
solution may be dearated with a non oxygen containing gas.

[0106] According to a fifteenth aspect of this invention
there 1s provided a vanadium halide redox cell system
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comprising a vanadium halide redox cell of any one of the
first to fourth aspects of the invention and further comprising
a positive solution reservoir, positive solution supply and
return lines coupled between the positive solution reservoir
and the positive half cell, a negative solution reservorr,
negative solution, supply and return lines coupled between
the negative solution reservoir and the negative half cell, and
at least one pump 1n at least one of the positive solution
supply and return lines and at least one pump 1n at least one
of the negative solution supply and return lines.

[0107] The system of the fifteenth aspect may further
comprise an electrical charger electrically coupled to a
positive electrode 1n the positive half cell and to a negative
clectrode 1n the negative half cell. The electrical charger may
comprise a power supply and a switch. The system of the
fifteenth aspect may further comprise an electricity with-
drawing circuit electrically coupled to a positive electrode 1n
the positive half cell and to a negative electrode 1n the
negative half cell. The electricity withdrawing circuit may
comprise a resistor and a switch.

[0108] The positive and negative electrodes may be graph-
ite, carbon, glassy carbon, carbon fibre material (e.g. non-
woven, type CF1-3000 Ahlstroem, Finland) cellulose carbon
knit (e.g. GF-20, Nikon Carbon Company Limited, Japan),
platinised titanium, Pt, AU, Pb, RuQO,, dimensionally stabi-
lized anodes (for the positive electrode) such as noble metal
doped T10,, RuO, or IrO, or combinations thereof, conduc-
tive polymer coatings or other suitable electrodes.

DESCRIPTION OF THE INVENTION

10109] Throughout the specification and claims the term
polyhalide complex or 10n 1s a complex or ion of three of

more halogen atoms. Examples of polyhalide complexes are
Br,~, CIBr, and BrCl, (see also PCT/AU02/01157 1incor-
porated herein by cross reference for further examples).

[0110] The terms electrolyte and supporting electrolyte are
used interchangeably throughout the specification. The elec-
trolytes used in the redox cells of the invention are prefer-
ably an aqueous electrolytes.

[0111] In the improved vanadium halide redox flow cell, a
50:50 mixture of V(IV) and V(III) halide solution (referred
to as V(3.5+) 1s used as the imitial feed solution 1n both the
positive and negative half-cells. In contrast to a Vanadium
Bromide Redox Flow Battery employing a V(IV) bromide
feed solution therefore, during the imitial charge of the
improved cell, the V(II) and V(IV) 1ons are reduced to

V**in the negative half-cell according to the reaction:

Negative Electrode Initial Charge Reaction:
VIHVO  +2H +3e =2V +H,0

while 1n the positive hali-cell, the mitial charge reactions
are:

Positive Electrode Initial Charge Reactions:
V2 T+ VO +H,0—=2VO* " +2H" +e

followed by:
3Br —Br; +2e

or 1n the presence of a bromide/chloride mixed supporting
clectrolyte:

2Br +ClI"—=BrCl, +2e
or 2Br +Cl"—CIBr, +2e
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[0112] Subsequent
imvolves:

charge-discharge  cycling  thus

[0113] At the negative electrode:

discharge

> 2Vt 4+ e

2V

charge

[0114] And at the positive electrode:

discharge

> 3Br

charge

or 1n the presence of a bromide/chloride mixed supporting
clectrolyte:

discharge

BrCl,™ + 2e = ™ 2Br + CI

charge

discharge
CIBry” + 2e o > 2Br + CI

charge

[0115] The vanadium halide redox flow cell and the vana-
dium halide redox cell thus employs a solution o1 0.1 to 5 M
vanadium (II1)/(IV) halide (e.g. vanadium (I11)/(IV) bromide
or vanadium (III)/(IV) bromide/chloride) 1in both half-ells.
The concentration of vanadium (III)/(IV) halide i both
half-cells may be 1n the range 0.1 to 4.5M, 0.1 to 4M, 0.1 to
3.5M, 0.1 to 3M, 0.1 to 2.5M, 0.1 to 2M, 0.1 to 1.9M, 0.1
to 1.75M, 0.1 to 1.5M, 0.1 to 1.25M, 0.1 to 1M, 0.5 to 5M,
1 to SM, 1.5 to 5M, 1.75 to 5M, 1.9 to 5M, 2 to 5M, 2.25
to SM, 2.5 to SM, 2.75 to 5M, 3 to 5M, 3.5 to 5M, 4 to 5M,
4.5 to 5M, 1.75 to 4.5M, 1.75 to 4M, 1.75 to 3.5M, 1.75 to
3.25M, 1 to 3M, 1.5 10 3M, 1.75 to 3M, 1 to 2.75M, 1.5 to
2. 75SM 1.751t0 2.75, 1.5 t0 2.5M, 1.75 to 2.5M, 1.75 to 2.25
M,1.75t02M, 1.9t03 M, 1.91t02.75,1.91t0 2.5 M, 1.9 to
2.25 M or 2 to 3M. The concentration of vanadium (I11)/(IV)
halide 1n both halti-cells may be about 0.1, 0.25, 0.5, 0.75, 1,
1.25,1.5,1.75,1.8,1.9,2,2.1,2.2,2.3,2.4,2.5,2.6,2.7, 2.8,
2.9,3,3.25,3.5,3.75,4,4.25, 4.5, 4.75 or 5M, for example.
A solution of 0.1 to 5 M vanadium bromide or vanadium
bromide/chloride solution consisting of approximately 50%
V({II) and 50% V(IV) 1ons 1n a supporting electrolyte of
HBr may be mitially placed into the positive and negative
half-cells. The electrolyte solution that 1s mitially placed in
both half-cells of the vanadium halide redox cell may
comprise 0.5 to 5 M V{UID/(IV) bromide or V({III)/(IV)
bromide/chloride 1n a supporting electrolyte of 0.5 to 10 M
HBr, or 0.5 to 5 M HBr, for example. The electrolyte
solution can also contain chloride 1ons at a concentration of
0.1to5M,or0.5t0 2M1n 0.5 to 10 M HBr, LiBr, NaBr,
KBr or mixtures thereof. The concentration of chloride 10ns
may be less than or equal to the electrolyte concentration of
bromide 10ns (1.e. if the electrolyte 1s aqueous HBr at a
concentration of 5SM then the concentration of Cl 1ons may
be 5M (e.g. 1n the range of 0.05M to SM such as in the range
of 0.1 to 2M, or 0.2 to 2M or 0.5 to 2M or 0.75 to 2M, or
lto2MorlSto2M,orl.75to2Mor 0.15t0 2.5 M or
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0.15to 3 M or 0.15 to 3.5 M for example). The reason for
this 1s that in the presence of excess halide, bromine that
forms during charging or discharging of the cell forms a
bromide complex such as ClBr, or Br; in the electrolyte
rather than significantly evolve as bromine gas whereas
chlorine (which 1s formed when the concentration of chlo-
ride 1ons 1s higher than the concentration of bromide ions in
the electrolyte) tends to not form a complex 1n the electrolyte
but rather evolves as a gas which 1s not a convement form
(unlike a bromide complex in solution) to contain or recycle
(by reducing the chlorine to chloride 1ons). When chloride
ions are present mixtures of vanadium (III) and (IV) chlo-
ride, bromide and chloride/bromide will be present 1n the
clectrolyte.

[0116] In a separate embodiment, the initial feed solution
for the positive half-cell 1s 0.5 to 5 M V(IV) halide (e.g.
vanadium (IV) bromide or vanadium (IV) chloride/bromide)
in a supporting electrolyte of 0.5 to 5 M HBr, while the
initial feed solution for the negative hali-cell comprises 0.5
to 5 M V(II) halide (e.g. vanadium (III) bromide or vana-
drum (III) chlornide/bromide) 1n 0.5 to 5 M HBr. The elec-
trolyte solution can also contain chloride 10ns at a concen-
tration of 0.05t0 5.5 M, 0.1to 5 M, or 0.5 to 2 M 1n 0.5 to
10 M HBr, LiBr, NaBr, KBr or mixtures thereof. The total
bromide 1on concentration may be greater than the total
chloride 1on concentration.

[0117] In the case of the high energy density vanadium
halide redox cell, a solution of 0.1 to 5 M vanadium halide
(e.g. vanadium bromide or vanadium bromide/chlornde)
consisting of approximately 2:1 V(II) to V(IV) ratio
(referred to as V(3.33+) 1s mitially placed into both half
cells, with the volume of the positive hali-cell solution being
approximately half the volume 1n the negative half-cell.

[0118] In its fully discharged or prior to charge state, the
vanadium halide cell comprises a negative half-cell with a
solution of V(III) and/or V(IV) 1ons in a supporting elec-
trolyte selected from the group comprising HBr, NaBr, KBr
or mixtures thereol and a positive half-cell with a solution of
V(II) and/or V(IV) 10ns 1n a supporting electrolyte selected
from the group comprising HBr, LiBr, NaBr, KBr or mix-

tures thereol. The discharged positive and negative hali-cell
clectrolytes can also contain chloride 10ns at a concentration
in the range of 0.05to 5.5 M, 0.1 to 5 M, or 0.5 to 2 M. The
total bromide 10n concentration may be greater than the total
chloride 1on concentration.

[0119] In another embodiment of this invention, the high
energy density vanadium halide redox flow cell, a 2:1
mixture of V{II) and V(IV) bromide or bromide/chloride
solution 1s used as 1nitial feed solution 1n both the positive
and negative half-cells, the volume of the positive half-cell
solution being half that of the negative half-cell solution. In
contrast to a Vanadium Bromide Redox Flow Battery
employing equal volumes of a V(IV) bromide or 50:50
V{II)YV(IV) feed solution on both sides therefore, during
the mnitial charge of the cell containing equal volumes of the
2:1 VAII/V(IV) mixture (referred to as V(3.33+), the fol-

lowing reactions would occur:
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Negative Electrode Imitial Charge Reaction:
2VIAVO 4 2H +4e—3V2 +H,0

while 1n the positive half-cell, the itial charge reactions
are:

Positive Electrode Initial Charge Reactions:
2VIHIVO T +2H,0 —=3VO* +4H +2e
followed by:
3Br —=Br; +2e

or 1n the presence of a bromide/chloride mixed supporting
clectrolyte:

2Br +ClI"—=BrCl, +2e
or 2Br +Cl"—=ClIBr, +2e

[0120] Subsequent charge-discharge cycling of this cell
would thus mvolve:

[0121] At the negative electrode:

discharge

IV o > 2Vt o+ v o+ 2e

charge

[0122] And at the positive electrode:

discharge

Bry + 2e < > 3Br

charge

[0123] This shows that a third of the vanadium ions in the
negative hali-cell would remain unreacted. When using only
half the volume of the V(3.33+) solution on the positive side
however, all of the vanadium 10ns 1n the negative half-cell
clectrolyte would be reacted during charge-discharge
cycling, so that more of the bromide 10ons could be utilised
in the positive half-cell.

[0124] The high energy density vanadium halide redox
flow cell or redox cell may thus employ an mitial feed
solution of 0.1 to 5 M vanadium (II1)/(IV) halide in both
half-cells, this solution may consist of an approximately 2:1
mole ratio of V(III) to V(IV) 10ns 1n a supporting electrolyte
of HBr, the volume used 1n the positive hali-cell being twice
that used 1n the negative half-cell. The electrolyte solution
that 1s mitially placed in both half-cells of the vanadium
halide redox cell may comprise 0.5 to 3 M V{II)Y(IV)
bromide or V(III)/V(IV) bromide/chloride 1mn a supporting
clectrolyte of 0.5 to 10 M HBr, or 0.5 to 5 M HBr, for
example. The electrolyte solution can also contain chloride
ions at a concentration of 0.1 to 5 M, or 0.5 to 2 M, for
example, 1n 0.5 to 10 M HBr, LiBr, NaBr, KBr or mixtures
thereof. The total bromide 1on concentration may be greater
than the total chloride 10n concentration.

[0125] The supporting electrolyte in each redox flow cell
or redox cell may be HBr, NaBr, KBr or mixtures thereof 1n
a concentration range from 0.1 to 12 M or from 2 to 10 M.
HCI1, LiCl, NaCl and/or KCI can also be added to the
clectrolyte to form stable polyhalides with the bromine that
1s formed 1n the positive half-cell during charging. The
concentration of bromides 1ons should be greater than the
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concentration of chloride ions. The concentration of the
vanadium bromides (or vanadium bromide/chloride where
vanadium chloride/halide refers to a mixture of vanadium
chloride, vanadium bromide and vanadium chloride bromide
which will be present when chloride and bromide 10ns are
present) in the negative and positive half-cell electrolytes of
the vanadium halide redox flow cell or redox cell may be 0.1
to 6 M but more typically from 0.5to 5 Mor 1 to 5 M and
even more typically 1 to 4 M. The concentration of the Br,~,
Br,Cl and/or Cl,Br 10ns 1n the positive half cell of the tully
charged vanadium halide redox flow cell or redox cell may
beOlto5Mor0O5toSMorlto3Morlto2M.

[0126] During cycling of the cells, the negative half-cell
electrolyte comprises V(II), V(III) and/or V(IV) 10ns and the
positive electrolyte comprises a halide/polyhalide couple
(e.g. a bromide/polyhalide couple) 1n the presence of V(IV)
and/or V(V) 1ons. During cycling, the negative half-cell
clectrolyte may contain VBr, and/or VBr; in a supporting
clectrolyte selected from the group HBr, LiBr, NaBr, KBr or
mixtures thereof. The electrolyte may also include HCI,
NaCl, KCl or mixtures therecol. The negative half cell
electrolyte solution may comprise 0.5 to 5 M VBr, and/or
VBr2 1in0.1to 10 M HBr or HCI/HBr or L1Cl/HBr, NaCl/HBr
or KCI/HBr mixtures. The concentration of bromides 1ons
should be greater than the concentration of chloride 10ons.

[0127] The charged or partially charged positive half-cell
ol the vanadium halide redox tlow cell or redox cell contains
an electrolyte solution of vanadium 1ons and one or more of
the redox couples selected from the group Br7/Br,~, Br/
Br,Cl or mixtures thereof. In the discharged state, the
vanadium halide redox flow cell or redox cell contains a
positive half-cell electrolyte solution that includes vanadium
ions 1 a mixture of Cl and Br~of total concentration 1 to 12
M. The concentration of bromide 10ns should be greater than
the concentration of chloride 10ns. In the charged or partially
charged state, the positive half-cell electrolyte includes
vanadium 1ons 1n a solution containing 0.5 to 5 M Bry or
Br,Cl710ns or mixtures thereof.

[0128] A partially charged negative half-cell electrolyte
solution for the vanadium halide redox flow cell or redox
cell may comprises 0.5 to 5 M VBr, and/or VBr; 1 a
supporting electrolyte of HBr, LiBr, NaBr, KBr or mixtures
thereof. The negative hali-cell electrolyte solution can also
contain Cl™1ons at a concentration of 0.1 to 5 M. The excess
bromide and chloride 1on concentration in the negative
half-cell electrolyte may be 0.1 to 10 M or 0.1 to 5 M. The
concentration of bromide 10ons should be greater than the
concentration of chloride 10ns.

10129] The partially charged positive half-cell electrolyte
solution for the vanadium halide redox flow cell or redox
cell may comprise polyhalide comples plus V(IV) and/or
V(V) 1ons 1n a supporting electrolyte of HBr, LiBr, NaBr,
KBr or mixture thereof. The positive half-cell electrolyte
solution may contain 0.5 to 5 M vanadium 1ons 1n a mixture
o1 0.5 to 12 M bromide and chloride 10ns. The concentration
of bromide 10ons may be greater than the concentration of
chloride 10ns.

[0130] The feed electrolyte solution for use in both half-
cells of the high energy density vanadium halide redox cell

may comprise 0.5 to 5 M vanadium bromide or vanadium
bromide/chloride with a 2:1 molar ratio of V(III) and V(IV)
ions 1n a supporting electrolyte of HBr, LiBr, NaBr, KBr or
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mixtures thereot, the volume of the positive hali-cell being
approximately half the negative half-cell volume. The V(III)
to V(IV) 1on ratio in the feed solution can vary from 1.8:1
to 2.2:1 and the volume ratio of the negative and positive
clectrolytes can also vary between 1.8:1 and 2.2:1. The
clectrolyte solution may also contain chloride 1ons at a
concentration of 0.1 to 5 M. The concentration of bromide
ions may be greater than the concentration of chloride 10ns.
The electrolyte solutions may have an excess bromide and

chloride 1on concentration between 0.1 to 10 M or more
typically 0.1 to 5 M.

[0131] The supporting electrolyte may be HBr, LiBr,
NaBr, KBr or mixtures thereof in a concentration range from
0.1 to 12 M or from 2 to 10 M. It1s also possible to add HCI,
L1Cl, NaCl or KCI1 to the supporting electrolyte to form
stable polyhalides with the bromine that 1s formed 1n the
positive half-cell during charging. The concentration of
bromide 1ons may be greater than the concentration of
chloride 10ns. The concentration of the vanadium bromides
in the negative and positive half-cell electrolytes of the high
energy density vanadium halide redox tlow cell or redox cell
may be 0.1 to4 M, 05104 M, 1to03.5Mor1to3 M, for
example. The concentration of the Br,~, Br,Cl™, and/or
Cl,Brions in the positive half cell of the fully charged
vanadium halide redox flow cell or redox cell may be 0.1 to

SM,05t04 M, 1to3.5Morlto3 M, for example.

[0132] The electrolyte can also contain a suitable com-
plexing agent to stabilise the bromine or polyhalide pro-
duced during charging of the vanadium halide redox tlow
cell or redox cell. Complexing the bromine with suitable
complexing agents such as polyethylene glycol, tetra-alkyl-
ammonium halides such as 2-pyrrolidone, n-methyl pyrroli-
done, or ring structures with nitrogen atoms in the ring
structure, such as pyrridine compounds, will stabilise the
bromine so that more of the bromide 1ons in solution can be
oxidised during charging.

[0133] In a separate embodiment of this invention, a
gelled or immobilised vanadium halide redox cell 1s also
disclosed. By immobilising or gelling the vanadium halide
cell electrolytes with an immobilising or gelling agent such
as silica, fumed silica, fumed alumina, fumed titania or
polyacrylamide, 1t 1s also possible to stabilise the bromine
produced, so that a greater fraction of the bromide 10ns can
be oxidised during charging in the positive hali-cell elec-
trolyte.

[0134] The two half-cell electrolytes or the flow-cell are
separated by an 10on exchange membrane which prevents the
bulk mixing of the 2 solutions as they are pumped through
the cell or cell stack. The 1on exchange membrane can be a
cation exchange membrane which would allow the transfer
of the charge carrying H*, L1*, Na¥and/or K™1ons depending
on the composition of the supporting electrolyte. If an anion
exchange membrane 1s used, then charge transfer could be
via either the H"Br and/or Cl10ns. The 10n exchange mem-
brane may be a cation exchange membrane such as Gore
Select P-03430 or other Gore Select membrane, a Flemion
membrane or a Selemion CMV membrane, for example.
Other suitable cation or anion exchange membranes may
also be used, the requirement being good chemical stability
in the vanadium bromide/bromine or vanadium halide/bro-
mine solution, low electrical resistivity and low permeability
for the vanadium and polybromide or polyhalide 1ons in the
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positive half-cell and the vanadium 1ons 1n the negative
half-cell electrolytes. Polybromide 1ons refers to a complex
having three or more bromine atoms.

[0135] The negative and positive electrode materials for
the vanadium halide redox flow cell or redox cell may be
porous carbon or graphite felt, matte or cloth materials on a
graphite, glassy carbon or conducting plastic substrate. The
positive electrode material can also be an oxide coated
titanium metal sheet or expanded metal mesh. The titantum
based electrode would provide greater long term stability
against oxidation during charging of the positive half-cell
solution. Multiple cells can also be incorporated 1nto a cell
stack consisting of bipolar electrodes, these bipolar elec-
trodes comprising carbon or graphite felt, cloth or matte
either pressed against or heat welded onto a conducting
plastic substrate, this conducting plastic substrate compris-
ing carbon filled polyethylene, polypropylene or other ther-
moplastic polymer that may also be mixed with a rubber
material to impart good mechanical properties. The bipolar
clectrodes for the vanadium halide redox tlow cell or redox
cell can also be produced by heat bonding the porous carbon
or graphite felt into each side of a polyethylene, polypro-
pyvlene or other polymer sheet such that the conducting
carbon or graphite felt fibres 1n each side of the msulating
substrate contact each other through the plastic sheet,
thereby making electrical contact without the need to add a
conducting filler to the plastic substrate.

[0136] The two half-cell electrolytes are stored in external
tanks and are pumped through the cell stack where the
charging and discharging reactions occur. The electrolytes
can be electrically charged by connecting the cell or battery
terminals to a suitable power source, but can also be
mechanically refueled by exchanging the discharged solu-
tions with recharged solutions at a refueling station in the
case of electric vehicle applications.

10137] 'To discharge the battery, the stack terminals are
connected to a load and when the circuit 1s closed, electricity
1s produced by the flow of electrons from the negative
terminal to the positive terminal of the cell or battery stack.
Charging and discharging can be carried out either with the
pumps switched on and the -electrolytes recirculating
through the external tanks and cell stack, or with the pumps
ofl, allowing the solution i1n the stack itself to undergo
discharge reactions. Periodically the two solutions may be
remixed to produce the original V(3.5+) or in the case of the
high energy density cell, the oniginal V(3.33+) electrolytes
in both tanks. This periodic mixing allows any chemistry
imbalance arising from the transfer of 1ons across the
membrane to be corrected, so that the capacity of the system
can be restored. The periodic mixing can be full or only
partial mixing.

[0138] In a separate embodiment, the negative half-cell
teed solution comprises V(III) bromide or V(III) bromide/
chloride 1n a bromide or bromide/chloride supporting elec-
trolyte, while the positive half-cell feed solution comprises
V({IV) bromide or V(III) bromide/chloride 1n a bromide or
bromide/chloride supporting electrolyte. When remixing
these solutions to restore the system capacity, the same
V(3.5+4) or V(3.33+) clectrolyte as 1n the previous embodi-
ments 1s produced.

[0139] In a separate embodiment of this invention, a
method 1s described for the production of the V(3.5+) or
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V(3.33+) halide electrolytes. The method for producing the
V(3.5+4) halide electrolyte may mvolve the mixing of a 3:1
molar ratio of a V(III) compound with a V(V) compound in
a solution of HBr, LiBr, NaBr, KBr or mixtures thereof and
stirring until fully dissolved to produce an approximately 1:1
mixture of V(III) and V(IV) 10ons. The V(III) compound may
be V,0,, for example, and the V(V) compound may be V0.,
for example, and the vanadium trioxide to vanadium pen-
toxide powder ratio can range from 2.8:1 to 3.2:1. The
solution may also contain chloride 1ons. The concentration
of bromide 10ns may be greater than the concentration of
chloride 1ons.

[0140] The method for producing the V(3.3+) electrolyte
for the high energy density vanadium bromide redox cell
may mnvolve the mixing of a V({III) compound with a V(V)
compound in an approximately 4.5:1 molar ratio in a solu-
tion of HBr, LiBr, NaBr, KBr or mixtures thereof and
stirring until fully dissolved to produce an approximately 2:1
mixture of V(III) and V(IV) 1ons. The V(III) compound may
be V,0, and the V(V) compound may be V,0. and the
vanadium trioxide to vanadium pentoxide powder ratio can
range from 4:1 to 4.9:1. The solution may also contain
chloride 1ons. The concentration of bromide ions may be
greater than the concentration of chloride 1ons.

[0141] The method for producing the electrolyte for the
vanadium halide redox cell can also mvolve the mixing of
2:1 molar ratio of a V(III) compound and a V(IV) compound
in a solution of HBr, LiBr, NaBr, KBr or mixtures thereof
and stirring until fully dissolved to produce an approxi-
mately 2:1 mixture of V(III) and V(IV) 1ons. In this method,
the V(III) compound 1s V,0, and the V(IV) compound 1s
V 0,4 and the V,0; to V,0, molar ratio an range from 1.8:1
to 2.2:1. In each of the above methods, the total vanadium
1on concentration may be between 0.5 and 5 M and the total
bromide 10on concentration may be between 2 and 12 M. The
solution may also contain chloride 1ons. The concentration
of bromide 1ons may be greater than the concentration of
chloride 10ns.

10142] The supporting electrolyte may be HBr and the
total bromide 1on concentration may be 8 to 12 M. The
supporting electrolyte may also contain chloride 10ons at a
concentration in the range of 0.5 to 3 M.

10143] The powders may be mixed at elevated tempera-
tures above 40° C. for periods of 30 minutes or more until
all the powder 1s fully dissolved.

|0144] In a separate embodiment, the 2-4 M vanadium
halide electrolyte may be gelled with 3-6 wt % fumed silica
or other suitable gelling agent to produce a gelled or
immobilised electrolyte VBr redox cell that permits greater
stabilisation of the bromine produced during charging. In
this embodiment, all of the solutions are stored in the cell

stack and there are no external tanks or pumps.

DESCRIPTION OF FIGURES

10145] FIG. 1 illustrates the preparation and use of a
V(3.5+)bromide electrolyte as feed solution for both the
positive and negative hali-cells of the vanadium halide
redox flow cell.

10146] FIG. 2 illustrates the preparation and use of equal
volumes of a V(3.33+) bromide electrolyte as feed solutions
for the positive and negative half-cells of the vanadium
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redox flow cell. Incomplete reaction of the V**ions in the
negative hali-cell during discharge 1s demonstrated.

10147] FIG. 3 illustrates the effect of using half the
V(3.33+) bromide electrolyte volume 1n the positive hali-
cell compared with the negative half-cell. All of the V**ions
in the negative hali-cell are reacted during discharge and
twice the amount of the available bromide ions are revers-
ibly oxidised and reduced in the positive half-cell during
charging and discharging respectively.

10148] FIG. 4 illustrates a vanadium bromide redox cell
employing an 1on exchange membrane (1) to separate the
negative and positive half-cell compartments. Each half-cell
includes a porous graphite felt or matte as the negative (2)
or positive (3) flow-through electrode, each making electri-
cal contact with a conducting substrate or current collector
(4 and 5). The negative and positive electrolyte half-cell
solutions are stored in separate external reservoirs (6 and 7)
and pumps 8 and 9 are used to pump the electrolytes through

the corresponding half-cells where the charge-discharge
reactions occur.

10149] FIG. 5 illustrates a static gelled electrolyte redox
cell employing a membrane (1) to separate the positive and
negative half-cells. Each hali-cell contains a graphite felt
porous electrode impregnated with the V(3.5+) vanadium
bromide electrolyte that also contains suflicient fumed silica
such that a gel 1s formed 1n both the negative (2) and positive
(3) half-cell graphite felt electrodes when allowed to set. The
graphite felt electrodes make electrical contact to a conduct-
ing substrate that 1s used as current collector in both the
negative (4) and positive (5) half-cells.

[0150] FIG. 6 shows the initial charge and discharge curve
for a cell employing a 2 M V(3.5+) solution in 6 M Br +2
M Cl supporting electrolyte as the feed electrolyte for both
positive and negative half-cells. Charging and discharge
current=1 Amp, electrode area=25 cm”. Initial charge time=
3.2 hours, mitial discharge time=2.2 hours.

[0151] FIG. 7 represents the cell voltage versus time plot
for charge-discharge cycling of a vanadium halide redox
flow cell containing 60 ml in each half-cell o1 3 M vanadium
solution in 8 M Brplus 1.3 M CI". Electrode area=25 cm”,
charging and discharging current=2 Amps.

10152] FIG. 8 shows typical charge and discharge curves
for a cell employing 110 mls of 2 M V(3.5+4) in 8 M
Br~supporting electrolyte as feed solution 1n both half-cells.
Charging and discharge current=1 Amp, electrode arca=25
cm”.

[0153] FIG. 9 1s the cell voltage versus time plot for the
charge-discharge cycling of a vanadium halide redox tlow
cell containing 55 ml of an mtially 2 M V(3.33+4) n 8 M
Br~feed solution in the positive halt-cell and 110 mls of 2 M
V(3.33+) in 8 M Brfeed solution 1n the negative half-cell.

Electrode area=25 cm”, charging and discharging current=1
Amp

[0154] FIG. 10 shows the vanadium bromide static cell
tests containing 2 M vanadium (3.5+) bromide electrolytes
gelled with fumed silica.

[0155] FIG. 11A shows Charge-Discharge curves for a
V/Br cell containing 2 M V(3.5+) 1n 8 M HBr as imitial feed

solution.
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[0156] FIG. 11B shows Charge-Discharge curves for V/Br
cell containing 75 vol % 2 M V(3.5+) in 8 M HBr plus 25

vol % polyethylene glycol as 1nitial feed solution; and

10157] FIG. 11C shows Charge-Discharge curves for
V/Br cell containing 50 vol % 2 M V(3.5+) 1n 8 M HBr plus
50 vol % polyethylene glycol as 1nitial feed solution.

[0158] FIG. 12 depicts a vanadium halide redox system.

MODE OF OPERATION

[0159] A 2-4 M vanadium bromide solution comprising
approximately 50% V(III) and 50% V(IV) 1ons 1s produced
by mixing and reacting a 3:1 molar ratio of vanadium
trioxide and vanadium pentoxide powders at a temperature
above 60° C. (or 1n a range such as 60.5-100° C., 62-99° C.,
65-95° C., 70-90° C., 70-85° C., 70-80° C., or 60.5-85° C.)
in a supporting electrolyte of 6-12 M Br~or Br~/Cl solution.
The resultant V{III)/V(IV) electrolyte solution 1s added 1n
equal volumes to both sides of the vanadium halide redox
flow cell or battery. On 1mitial charging of the cells, the
vanadium (II1)/(IV) bromide solution 1s reduced to produce
2-4 M VBr, 1n the negative half-cell, while 1n the positive
half-cell, the V(III) 1ons are oxidised to V(IV) and/or V(V)
and the bromide 10ons are oxidised to produce 1-2 M Br, or
ClBr,".

[0160] The high energy density vanadium halide redox
flow cell involves the use of a 2-3 M V(II)/V(IV) solution
consisting of an approximately 2:1 molar ratio of V(III) to
V({IV) n each half-cell, whereby the volume in the negative
half-cell 1s approximately twice that in the positive half-cell.
During 1nitial charging of the high energy density vanadium
bromide redox cell or battery, the vanadium (II1)/(IV) bro-
mide solution 1s reduced to produce 2-3 M VBr, in the
negative half-cell, while 1n the positive half-cell, the V(III)
1ions are oxidised to V(IV) and/or V(V) and the bromide 10ns

are oxidised to produce 2-3 M Br; or CIBr,".

[0161] On discharge of both cells, the VBr, 1s oxidised to
VBr; 1n the negative half cell while the Br; or CIBr, 10ons
are reduced to BrTions 1n the positive half cell. The cells or
battery stacks comprise carbon or graphite felt electrodes
bonded onto plastic or conducting plastic sheets as substrate
materials and the two half cells are separated by an anion or
cation exchange membrane. Membranes include Gore Select
P-03430 (cation exchange membrane from W. L. Gore) or
other cation exchange membranes. The electrodes may also
comprise carbon or graphite felt or matte compressed
against a glassy carbon or graphite sheet substrate. The two
half-cell electrolytes are stored in external tanks and are
pumped through the cell stack where the charging and
discharging reactions occur. The electrolytes can be electri-
cally charged by connecting the cell or battery terminals to
a suitable power source, but can also be mechanically
refueled by exchanging the discharged solutions with
recharged solutions at a refueling station.

[0162] FIG. 12 depicts a vanadium halide redox cell
system 120 which includes vanadium halide redox cell 121
which has positive half cell 122 contaiming positive half cell
solution 123 and positive electrode 124, negative half cell
125 containing negative half cell solution 126 and negative
clectrode 127 and 1onically conducting separator 128 which
separates positive half cell 122 from negative half cell 125
and 1s 1n contact with positive solution 123 on side 128qa
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adjacent positive half cell 122 and 1s 1n contact with negative
solution 126 on side 1285 adjacent negative half cell 125.
Positive solution reservoir 129 1s coupled to positive half
cell 122 by positive solution supply line 130 and return line
131. Return line 131 has pump 132. Negative solution
reservoir 133 comprises negative solution supply line 134
and return lme 135 coupled between negative solution
reservolr 133 and negative half cell 125. Return line 135 has
pump 136. Power supply 137 1s electrically coupled to
positive electrode 124 1n positive half cell 122 via line 138
and to negative electrode 127 1n negative half cell 125 via
line 139, switch 141 and line 140. Electricity withdrawing
circuit 142 (which may be a resistor, for example) 1is
clectrically coupled to positive electrode 124 1n positive half
cell 122 via lines 145 and 138 and to negative electrode 127
in negative half cell 125 via line 143, switch 144, line 146
and line 140. Half cells 122 and 125 and reservoirs 129 and
133 are sealed air tight and the positive and negative
clectrolyte solutions 123 and 126 may be deaerated. The
atmosphere above solutions 123 and 126 in half cells 122
and 125 and reservoirs 129 and 133 may be an inert gas such
as nitrogen, helium or argon, or mixtures thereof, for
example.

[0163] In one particular way of operating system 120
positive half cell solution 123 comprising halide electrolyte,
vanadium (III) halide and vanadium (IV) halide 1s placed in
positive half cell 122 and positive solution reservoir 129 and
negative half cell solution 126 which has the same compo-
sition as the positive half cell 123, namely, comprising a
halide electrolyte, vanadium (I1I) halide and vanadium (IV)
halide 1s placed 1n negative half cell 125 and negative
solution reservoir 133. The amounts of vanadium (11I)
halide, vanadium (IV) halide and halide 10ns 1n the positive
and negative half cell solutions 123 and 126 are such that 1in
a first charging step vanadium halide redox cell 121 may be
prepared having a state of charge selected from the group
consisting of a zero state of charge and a near zero state of
charge comprising predominantly vanadium (IV) halide 1n a
halide electrolyte 1n the positive half cell solution 123 and
predominantly V(III) halide 1n a halide electrolyte the nega-
tive half cell solution 126. In the positive and negative
solutions 123 and 126 the halide 1s selected from the group
consisting of bromide and a combination of bromide and
chloride and the concentration of bromide 1ons 1s greater
than the concentration of chloride 1ons and the total halide
ion concentration 1s at least 3 times the total vanadium 1on
concentration. The positive half cell solution 123 comprises
vanadium (III) halide and vanadium (IV) halide 1n a V{I-
[):V(IV) molar ratio of from about 0.9:1 to about 6:1 1n the
halide electrolyte and negative half cell solution 126 com-
prises vanadium (I1II) halide and vanadium (IV) halide 1n a
V{I):V(IV) molar ratio of from about 0.9:1 to about 6:1
and the volume of the negative half cell solution 126:the
volume of the positive half cell solution 123 1s equal to or
about equal to the V(11I1):V(IV) molar ratio. In one particular
advantageous form the positive and negative half cell solu-
tions 123 and 126 comprise vanadium (III) halide and
vanadium (IV) halide 1n a V(III): V(IV) molar ratio of about
1:1 and wherein the volume of the negative half cell solution
126:the volume of the positive half cell solution 123 15 about
1:1. In another particular advantageous form the positive
and negative half cell solutions 123 and 126 comprise
vanadium (III) halide and vanadium (IV) halide 1n a V{I-

[):V(IV) molar ratio of about 2:1 and wherein the volume of
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the negative half cell solution 126:the volume of the positive
half cell solution 123 1s about 2:1.

[0164] The first charging step may be carried out by
opening switch 144 and closing switch 141 and allowing
suilicient electricity to flow between electrodes 124 and 127
whilst at the same time tuning on pumps 132 and 136 so that
positive half cell solution 123 1s recirculated through posi-
tive half cell 123 and negative half cell solution 126 1s
recirculated through negative half cell 125 such that pre-
dominantly vanadium (IV) halide 1s formed 1n the positive
half cell solution 123 without a polyhalide complex being
formed and predominantly V(III) halide 1s formed in the
negative half cell solution 126 where cell 121 1s at a zero
state of charge or near zero state of charge. The charging 1s
allowed to continue 1n a second charging step so that redox
cell 121 1s fully or partially charged comprising a polyhalide
complex and vanadium (V) 1ons 1n positive half cell solution
123 and vanadium (II) halide in negative half cell solution
126 wherein the number of moles of polyhalide complex and
vanadium (V):mnumber of moles of vanadium (II) halide 1s
about stoichiometrically balanced (in the case where redox
cell 121 1s fully or partially charged). Once the second
charging step 1s completed (or partially completed) redox
cell 121 may be used to deliver electricity by opening switch
141, closing switch 144, turning on pumps 132 and 136 so
that positive half cell solution 123 is recirculated through
positive half cell 123 and negative half cell solution 126 1s
recirculated through negative half cell 125 and withdrawing,
clectrical energy via electricity withdrawing circuit 142.
Once redox cell 121 1s fully or partially discharged to a zero
state of charge or near zero state of charge, for example, cell
121 may be recharged by repeating the second charging step
as described above. One advantage of the redox system of
the invention 1s that very little halide gas 1s generated above
the positive half cell solution 123 during the first and second
charging processes.

[0165] In an alternative way of operating system 120
predominantly vanadium (IV) halide 1n a halide electrolyte
may be initially placed in the positive half cell 122 and
reservoilr 129 and predominantly V(III) halide in a halide
clectrolyte may be placed 1n the negative half cell 1235 and
reservolr 133 1n amounts and volumes such that cell 121 1s
at a zero state of charge or near zero state of charge. Cell 121
may then be charged in accordance with the second charging
step described above and discharged as described above.

EXAMPLE 1

[0166] FIG. 6 shows the initial charge-discharge curve for
a vanadium halide redox tlow cell containing 60 ml 1n each
half-cell ofa 2 M V(3.5+) solution1n 6 M Brplus 2 M CI™.
The cell employed a Gore Select P-03430 membrane. The
cell was mtially charged to a voltage of 1.25 V and
discharged to a lower voltage limit of 0.25 V at a constant
current of 1.0 Amp. The ratio of the nitial charge time to the
discharge time 1s seen to be approximately 1.5 showing that
during the 1mitial charge, 1.5 electrons per mole of vanadium
are used in converting the V(3.5+) solution to V**in the
negative half-cell while 1n the positive hali-cell, V(III) 1ons
are first oxidised to V(IV) followed by the oxidation of
Br ions to Br;y™. Subsequent charge-discharge cycles gave
average charge and discharge time ratios of between 1.05
and 1.1, corresponding to coulombic efliciencies of 95 to

91%.
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EXAMPLE 2

[0167] A cell employing a solution of 3 M vanadium
(II1)/(IV) bromide as the active material in both half-cells
was set up and evaluated as follows:

[0168] The 50:50 vanadium(IIl)/vanadium (IV) bromide

mixture (referred to as 3 M V(3.5+) was prepared by
dissolving the required amounts of vanadium trioxide and
pentoxide powders in 8 M hydrobromic acid. Hydrochloric
acid was also added to bring the final solution chloride
concentration to 1.5 M.

10169] FIG. 7 shows the cell voltage versus time curves
obtained during the charging and discharging cycling of the
cell containing 60.0 mls of the solution 1n each half-cell and
employing a Gore Select P-03430 membrane. The cell was
charged to a voltage of 1.6 V and discharged to a lower
voltage limit of 0.25 V at a constant current of 2.0 Amp. The
theoretical charge and discharge time, assuming complete
reaction of the vanadium 1ons in the negative half-cell was
calculated as 2.4 hours. This compares with measured
charge and discharge times of 2.1 and 2 hours respectively
over the applied voltage limits, as seen 1 FIG. 7. The
coulombic efliciency was therefore calculated as over 95%.
The cell was cycled for more than 30 cycles and a negligible
drop 1n capacity was observed, showing that the V({II)/
V(IV) feed solution provides a stable electrolyte for the
vanadium halide redox tlow cell.

EXAMPLE 3

[0170] A 3 M V(3.5+) solution was prepared by combin-
ing a 3:1 mole ratio of V,0,:V, O, powders as follows:

0171] Mass V,0; used: 168.64 ¢
0172] Mass V,O; used: 62.21 g

[0173] 1000 ml of 8M HBr was mixed with 150 ml 10 M
HCI, stirred and heated around to 80° C. The V,0O, powder
was slowly added to the HBr/HC] mixture, followed by slow
addition of the V,O. powder. The solution was then boiled
to around 150° C. for about 1 hour. The final volume was
approximately 1010 ml. During the vanadium oxide disso-
lution, negligible bromine was detected. When the same
process was repeated by simultaneously adding the vana-
dium trioxide and vanadium pentoxide powders to the
HBr/HC] mixture, however, bromine gas was observed to
form as the vanadium pentoxide oxidised the bromide 10ns
to bromine.

EXAMPLE 4

[0174] A 4 M vanadium bromide solution for use in the
redox flow cell was prepared by the following method:

[0175] 1. 0.5 moles of V,0, and 1.5 moles of V,O,
powders were weighed 1nto two separate containers.

[0176] 2. The V.0, powder was added to 0.8 litres of a
9-10 M HBr solution in a beaker and the V,O, powder
slowly added with continuous stirring. The mixture was

stirred for a few hours until a blue V{II)/(IV) bromide
solution was obtained.

10177] 3. The solution was filtered and 10 M HCI] was
added to bring the final chloride concentration to 2 M
before bringing the volume to 1 litre with the HBr
solution.
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EXAMPLE 5

[0178] A 4 M V(3.5+) solution was prepared by reacting
a 3:1 mole ratio of V,0,:V,0. powders as follows:

0179] Mass V,0, used: 169.00 g
0180] Mass V,O. used: 68.50 g

[0181] 1000 ml 8M HBr was mixed with 150 ml 10 M
HC, stirred and heated to around 80° C. The V,0O, powder
was added slowly over 25 minutes followed by addition of
the V,O. over 15 minutes to dissolve the powder. The
solution was then boiled for about 2 hours to a final volume
of 750 ml. No bromine was detected during the dissolution
and boiling.

EXAMPLE 6

10182] A 2 M V(3.5+) solution was prepared by mixing a
3:1 mole ratio of V,0,:V,0. powders as follows:

0183] Mass V,0O, used: 112.50 g
0184] Mass V,O. used: 45.55 g

0185] 800 ml of 8M HBr and 200 ml 10 M HCI were
stirred together at 60° C. with reluxing. The V,O, powder
was added slowly over 35 munutes followed by V,O..
Approximately 20 minutes was needed to add and dissolve
the powder. Negligible bromine gas was detected. Five
minutes after all the powder dissolved, the heating and
stirring was stopped. The cooled solution was then put 1nto
a 1000 ml flask, and 63 ml of distilled water was needed to
made the solution up to the 1000 ml mark.

10186] FIG. 8 shows typical charge-discharge curves for a
vanadium halide redox flow cell contaiming 110 ml in each
half-cell of a 2 M V(3.5+) solution in 8 M Br™. The cell
employed a Gore Select L-01854 membrane. The cell was
initially charged to a voltage of 1.6 V and discharged to a
lower voltage limit of 0.25 V at a constant current of 1.0
Amp. Although it 1s not shown in the graph, the initial
charge time was approximately 9 hours. This 1s due to the
fact that during the initial charge, 1.5 electrons per mole of
vanadium are used in converting the V(3.5+) solution to
V**in the negative half-cell while in the positive half-cell,
V(II) 1ons are first oxidised to V(IV) followed by the
oxidation of Br ions to Br,~. The second charge-discharge
cycle gave a charge and discharge time of 6 and 5.5 hours
respectively, corresponding to a coulombic efliciency of
approximately 92%. The theoretical capacity of the cell
employing 110 mls of 2 M vanadium solutions 1s approxi-

mately 5.9 hours, so that the active material utilisation 1s
over 93% at a current density of 40 mA/cm”.

EXAMPLE 7

[0187] A 250 ml volume of 2 M V(3.33+) solution was

prepared by the chemical dissolution of a 4.5 to 1 molar ratio
of vanadium trioxide and vanadium pentoxide powders in 8
M HBr. This mvolved heating the 8 M HBr solution to
approximately 60° C. and with reluxing, slowly adding
30.75 g V,0, powder until most had dissolved. This was
tollowed by the slow addition of 8.2 g V,O. powder and
mixing for around an hour with refluxing until fully dis-
solved. The final solution was cooled, filtered and then
added to both sides of the same vanadium halide redox tlow
cell as 1n Example 6. In this case, however, 110 mls of the
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2 M V(3.3+) solution was added to the negative half-cell
while only 55 ml of the same solution was added to the
positive side.

[0188] FIG. 9 shows the cell voltage versus time curves
obtained during the charging and discharging cycling of the
cell at a constant current of 1.0 Amp. Unlike the curves of
FIG. 3, more than one step 1s observed in the charging
curves, this indicating that the mnitial feed solution 1s not
exactly 2:1 V{II) to V(IV), so that a slight imbalance occurs
during both charging and discharging of the cell. This 1s
probably due to the fact that the vanadium trioxide powder
used 1n the preparation of this solution had partially oxidised
to V,O, during storage, so that the final solution prepared
would have had a higher V(IV) content than expected. This
imbalance 1n the vanadium ion ratio, thus means that during
cach charge cycle, the positive side becomes overcharged,
forming more bromine or tribromide 1ons than expected so
that the unusual discharge behaviour of FIG. 4 results.

[0189] The theoretical initial charge time for this cell,
assuming a 2:1 ratio of V{II) to V(IV) and complete
reaction of the vanadium ions in the negative half-cell was
calculated as 8.85 hours. This compares with measured
initial charge time of 8.8 hours. The charge and discharge
times of subsequent cycles were measured as 5.2 and 4.6
hours respectively over the applied voltage limits, as seen in
FIG. 9. The coulombic efliciency was therefore calculated
as over 88%. Furthermore the measured discharge time of
this cell represents 84% of that obtained in the cell of FIG.
3 that employed twice the solution volume 1n the positive

halt-cell.

EXAMPLE 8

[0190] A gelled vanadium bromide electrolyte was tested
in a static cell and 1ts performance compared to the ungelled
solution. The following procedure 1s used to prepare a gelled
vanadium bromide solution:

[0191] Approximately 50 g of solution containing 2M
vanadium (3.5+), 6.4M HBr and 2M HC] was added to a 250
ml beaker and 2.5 g (3% wt) of fumed silica (Aerosil 300)
was added to the beaker. The components were mixed with
a hand-held mixer for 1 minute and allowed to set for 10
minutes. The gel was transferred into a sealed glass jar.

10192] To construct the static cell, a copper electrode was
attached to the plastic cell casing. The copper electrode was
then placed together with the glassy carbon to form a
conductive surface. A rubber frame was stuck onto the
glassy carbon sheet and a piece of carbon felt was cut to {it
inside the rubber frame. All these components were attached
using silicon glue. This felt was covered with the membrane,
which was attached to the rubber frame using the silica glue.
This setup was repeated and attached to the opposite side of
the membrane.

[0193] Prior to cell construction, the carbon felt had to be
soaked with the V(3.5+) solution with fumed silica, 1n a
vacuum oven for 25 minutes at room temperature. The
impregnation was conducted before the solution had time to
gel. It gelling had occurred, however, simple shaking of the
gelled solution allowed the liquid state to be restored so that
impregnation of the felt could take place. The volume of
solution/gel that did not soak into the felt was measured
betore the felt was inserted into the rubber frame as men-
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tioned above. The completed cell was bolted together and
connected to a power source and recorder.

10194] FIG. 10 shows the charge-discharge curves
obtained for the static cell employing the gelled vanadium
bromide electrolytes

EXAMPLE 9

[0195] The effectiveness of polyethylene glycol (PEG) as
complexing agent for the bromine produced in the positive
half-cell during charging was evaluated. A cell was
assembled using the L-Gore 01854 membrane and FMI
(USA) graphite felt electrodes pressed against glassy carbon
substrates and a copper current collector. Charge-discharge
cycling of this cell was performed with the following
clectrolytes:

0196] 1) 2M vanadium (3.5+) in 8 M HBr

0197 2) a solution containing 50 mL of PEG and 50 mL
of 2M vanadium (3.5+) in 8 M HBr

[0198] 3) a solution containing 25 mL of PEG and 75 mL
of 2M vanadium (3.5+) in 8 M HBr

[0199] Prior to cell startup, 40 mL of the solution to be
tested was poured 1nto each of the two reservoirs. The pumps
were turned on and the solution was allowed to circulate for
1 hour.

[0200] From FIGS. 11A, 11B and 11C, the average cou-
lombic efliciencies of all of the solutions are seen to be
approximately 90%. From these results 1t can be concluded
that the addition of the PEG to the 2M vanadium bromide
solution did not have a significant effect on coulombic

elliciency. The two cells with solutions that contained PEG
both had

[0201] much lower average voltage efliciencies in com-
parison with the solution that did not have any PEG present
however. It 1s suspected that the decreased voltage efliciency
1s due to an 1ncrease in resistance in the solutions containing
the PEG due to the increased the viscosity of the PEG
containing electrolyte solutions.

[10202] Although the voltage efliciency did decrease in the
presence of 25% and 50% PEG, however, 1t 1s important to
note that during cycling, the cells containing PEG showed
no bromine vapours, while that containing no PEG, showed
significant amounts of bromine vapour in the electrolyte
containers and tubes. PEG 1s therefore very eflective 1n
binding bromine to prevent or minimise the formation of

vapours 1n the cell. By reducing the concentration of the
PEG, 1t should be possible to reduce

1. A prior to charge vanadium halide redox cell compris-
ng:

a positive half cell containing a positive half cell solution

comprising a halide electrolyte, vanadium (III) halide
and vanadium (IV) halide;

a negative half cell containing a negative half cell solution

comprising a halide electrolyte, vanadium (III) halide
and vanadium (IV) halide;

wherein the amounts of vanadium (III) halide, vanadium
(IV) halide and halide 10ns 1n the positive and negative
half cell solutions are such:
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that 1n a first charging step comprising charging the prior
to charge vanadium halide redox cell, a vanadium
halide redox cell having a state of charge selected from
the group consisting of a zero state of charge and a near
zero state of charge comprising predominantly vana-
dium (IV) halide 1n the positive half cell solution and
predominantly V(III) halide in the negative half cell
solution can be prepared.

2. The prior to charge vanadium halide redox cell of claim
1 wherein the amounts of vanadium (III) halide, vanadium
(IV) halide and halide 10ns 1n the positive and negative half
cell solutions are such:

that in a second charging step comprising charging the
zero state ol charge vanadium halide redox cell, a
charged vanadium halide redox cell comprising a poly-
halide complex in the positive half cell solution and
vanadium (II) halide in the negative half cell solution
can be prepared.

3. A prior to charge vanadium halide redox cell according
to claim 1 wherein the positive half cell solution comprises
vanadium (III) halide and vanadium (IV) halide 1n a V{I-
[):V(IV) molar ratio of from about 0.9:1 to about 6:1 in the
halide electrolyte; and

the negative half cell solution comprises vanadium (111)

halide and vanadium (IV) halide n a V{III):VIV)
molar ratio of from about 0.9:1 to about 6:1; and

wherein the volume of the negative half cell solution:the
volume of the positive half cell solution 1s equal to or

about equal to the V(III):V(IV) molar ratio.

4. A prior to charge vanadium halide redox cell according
to claam 3 wherein the positive and negative hall cell
solutions comprise vanadium (III) halide and vanadium (IV)
halide 1n a V(I1I): V(IV) molar ratio of about 1:1 and wherein
the volume of the negative half cell solution:the volume of
the positive half cell solution 1s about 1:1.

5. A prior to charge vanadium halide redox cell according
to claam 3 wherein the positive and negative half cell
solutions comprise vanadium (1II) halide and vanadium (IV)
halide 1n a V(I1I): V(IV) molar ratio of about 2:1 and wherein
the volume of the negative half cell solution:the volume of
the positive half cell solution 1s about 2:1.

6. A prior to charge vanadium halide redox cell according
to claim 1 wherein the total halide 10on concentration 1s at
least 3 times the total vanadium 10on concentration.

7. A prior to charge vanadium halide redox cell according
to claim 1 wherein the halide 1s selected from the group
consisting of bromide and a combination of bromide and

chloride.

8. A prior to charge vanadium halide redox cell according
to claim 1 wherein the halide 1s selected from the group
consisting of bromide and a combination of bromide and
chloride and where the concentration of bromide 1ons 1is
greater than the concentration of chloride 1ons and wherein
the total halide 10n concentration 1s at least 3 times the total
vanadium 1on concentration.

9. A vanadium halide redox cell which 1s at a state of
charge selected from the group consisting of a zero state of
charge and a near zero state of charge comprising:

a positive half cell containing a positive half cell solution
comprising a halide electrolyte and a vanadium halide
which 1s predominantly vanadium (IV) halide;

14
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a negative half cell containing a negative half cell solution
comprising a halide electrolyte and a vanadium halide
which 1s predominantly vanadium (III) halide;

wherein the amount of vanadium (IV) halide in the
positive half cell solution and the amount of vanadium
(III) halide 1n the negative half cell solution are such
that the vanadium halide redox cell 1s at a state of
charge selected from the group consisting of a zero
state of charge and a near zero state of charge.

10. The vanadium halide redox cell of claim 9 wherein
total halide 1on concentration 1s at least 3 times the total
vanadium 10n concentration.

11. The vanadium halide redox cell of claim 9 wherein the
positive half cell solution does not include a significant
amount of polyhalide complex at zero state of charge or near
zero state of charge.

12. A vanadium halide redox cell according to claim 9
wherein the halide 1s selected from the group consisting of
bromide and a combination of bromide and chloride.

13. A vanadium halide redox cell according to claim 9
wherein the halide 1s selected from the group consisting of
bromide and a combination of bromide and chloride and
where the concentration of bromide 10ns 1s greater than the
concentration of chloride 10ns and wherein the total halide
ion concentration 1s at least 3 times the total vanadium 10n
concentration.

14. A vanadium halide redox cell which 1s fully charged
comprising;

a positive half cell containing a positive half cell solution

comprising a halide electrolyte, a polyhalide complex,
vanadium (IV) halide and vanadium (V) halide;

a negative half cell containing a negative half cell solution
comprising a halide electrolyte and vanadium (II)

halide;

wherein the molar concentration of vanadium (V) and
polyhalide complex:molar concentration of vanadium
(II) halide 1s about stoichiometrically balanced.

15. The vanadium halide redox cell of claim 14 wherein
the number of moles of polyhalide complex:the number of
moles of vanadium (II) halide 1s about 1:2.

16. The vanadium halide redox cell of claim 14 wherein
the number of moles of polyhalide complex:the number of
moles of vanadium (II) halide 1s 1n the range of from about
0.7:2 to about 1.3:2.

17. A vanadium halide redox cell according to claim 14
wherein the halide 1s selected from the group consisting of
bromide and a combination of bromide and chloride.

18. A vanadium halide redox cell according to claim 14
wherein the halide 1s selected from the group consisting of
bromide and a combination of bromide and chloride and
where the concentration of bromide 10ns 1s greater than the
concentration of chloride 1ons and wherein the total halide
ion concentration 1s at least 3 times the total vanadium 10n
concentration.

19. A vanadium halide redox cell which 1s partially
charged comprising;:

a positive half cell containing a positive half cell solution

comprising a halide electrolyte, a polyhalide complex,
vanadium (IV) halide and vanadium (V) halide;

a negative half cell containing a negative half cell solution
comprising a halide electrolyte, vanadium (II) halide

and vanadium (III) halide;
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wherein the number of moles of polyhalide complex and
vanadium (V):number of moles of vanadium (II) halide
1s about stoichiometrically balanced.

20. The vanadium halide redox cell of claim 19 wherein
the number of moles of polyhalide complex: the number of
moles of vanadium (II) halide 1s about 1:2.

21. The vanadium halide redox cell of claim 19 wherein
the number of moles of polyhalide complex:the number of
moles of vanadium (II) halide 1s 1n the range of from about
0.7:2 to about 1.3:2.

22. A vanadium halide redox cell according to claim 19
wherein the halide 1s selected from the group consisting of
bromide and a combination of bromide and chloride.

23. A vanadium halide redox cell according to claim 19
wherein the halide 1s selected from the group consisting of
bromide and a combination of bromide and chloride and
where the concentration of bromide 10ns 1s greater than the
concentration of chloride 1ons and wherein the total halide
ion concentration 1s at least 3 times the total vanadium 1on
concentration.

24. A vanadium halide redox cell according to claim 1, 9,
14 or 19 wherein the halide comprises bromide and the
halide electrolyte also contains a complexing agent for
bromine.

25. A vanadium halide redox cell according to claim 1, 9,
14 or 19 wherein the halide electrolyte 1s immobilised or
gelled.

26. (canceled)

277. A method for producing an electrolyte for a vanadium
halide redox cell comprising:

dissolving a V(III) compound and a V(V) compound 1n a
3:1 molar ratio 1n a solution of HBr, LiBr, NaBr, KBr
or mixtures thereof to produce an approximately 50:50
mixture of V(III) and V(IV) 1ons in the solution.
28. The method of claim 27 where the V(II) compound
1s V,0O, and the V(V) compound 15 V,O..
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29. A method for producing an electrolyte for a vanadium
halide redox cell comprising:

dissolving equimolar amounts of a V(III) compound and
a V(IV) compound 1n a solution of HBr, LiBr, NaBr,
KBr or mixtures thereof to produce an approximately
50:50 mixture of V(III) and V(IV) 10ns.
30. The method of claim 29 where the V(III) compound
1s V,0O, and the V(IV) compound 1s V,0O,.
31. The method of claim 27 in which the solution also
contains chloride 10ns.
32. A method for producing an electrolyte for a vanadium
halide redox cell comprising:

dissolving a V(III) compound and a V(V) compound 1n a
4.5:1 molar ratio 1n a solution of HBr, LiBr, NaBr, KBr
or mixtures thereof to produce a 2:1 mixture of V(III)
and V(IV) 1ons.
33. The method of claim 32 where the V(III) compound
1s V,0O, and the V(V) compound 1s V,O..
34. A method for producing an electrolyte for a vanadium
halide redox cell comprising:

dissolving a 2:1 molar ratio of a V(III) compound and a
V({IV) compound 1n a solution of HBr, LiBr, NaBr, KBr
or mixtures thereof to produce a 2:1 mixture of V(III)
and V(IV) 1ons.

35. The method of claim 34 where the V(III) compound
1s V,0, and the V(IV) compound 1s V,0,.

36. The method of claim 27 wherein the total vanadium
1on concentration 1s between 0.5 and 5 M and the total
bromide 10n concentration 1s between 2 and 12 M.

377. The method of claim 27 wherein the electrolyte 1s HBr
and the total bromide 10n concentration 1s 2 to 12 M.

38. The method of claim 27 in which the solution also
contains chloride 1ons at a concentration of 0.5 to 3 M.
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