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High-Energy-Density, Aqueous, Metal-Polyiodide Redox Flow Batteries

Statement Regarding Federally Sponsored Research Or Development
[0001]  This invention was made with Government support under Contract
DE-AC0576RL01830 awarded by the U.S. Department of Energy. The Government has

certain rights in the invention.

Background

[0001] High energy density and high energy efficiency are critical qualities for
increasing success in renewable clean energy applications. Redox flow batteries (RFBs)
can meet many needs by providing conversion between electrical energy and chemical
energy. However, RFBs can be associated with low energy density and high cost due to
the low concentration of active materials and the use of expensive catalysts and/or
membranes. For example, the energy density of a traditional all-vanadium redox flow
battery is in the range of approximately 20-50Wh/L depending on the choice of
electrolyte. Traditional zinc-based flow batteries, such as a Zn-Br flow battery (ZBB),
demonstrate slightly higher values of energy density. However, the performance of
common ZBBs are often limited by their low energy efficiency and short cycling life.
Furthermore, the bromine gas is very corrosive and hazardous, leading to serious health
and environmental concerns. The low energy density not only limits the application of
flow battery to stationary energy storage, but also increases the form factor and cost of
the flow battery. Based on the absence of RFBs with high energy density and low cost,

there is a need to develop improved flow battery systems.
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Summary

[0002] Described herein are RFBs utilizing an active redox couple comprising a
metal (M) and a divalent cation of the metal (M*") as a first electrode and first electrolyte,
respectively. The RFBs also utilize a second electrolyte comprising I, anions of I (for x
> 3), or both in an aqueous solution, wherein the I" and the anions of I (for x > 3)
compose an active redox couple. RFB, as used herein, can refer to a single cell or a stack
of cells, wherein each cell comprises a first half cell, a second half cell, and terminals
allowing current to flow into and out of the cell. Each half cell can comprise an electrode
and/or an electrolyte. A half-cell can further comprise a current collector.

[0003]  Furthermore, this document describes methods for storing electrical energy in
such RFBs. Embodiments described herein can yield high energy density and high
efficiency energy storage. In some instances, the experimental discharge energy density
is greater than 60 Wh/L. The experimental discharge energy can even exceed 100 Wh/L.
The electrochemical activity of M/M?" and the I"/anions of I, can eliminate the need for
expensive catalysts and/or elevated temperatures at either of the electrodes.

[0004] In one embodiment, a RFB comprises a first electrolyte comprising M*" in an
aqueous solution and a first electrode comprising M, wherein M and M** compose a first
active redox couple at a first half-cell. A second electrolyte comprises I', anions of I (for
X > 3), or both in the aqueous solution, wherein I" and anions of I (for x > 3) compose a
second active redox couple at a second half-cell. A membrane or separator exists

between the first and second half-cells. Examples of metals can include, but are not
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limited to, Ga, Fe, Cr, Ti, Zn, and combinations thereof. In preferred embodiments the
metal, M, is Zn.

[0005]  The first electrode can comprise the metal, M, electrodeposited on a porous
conductive material. Examples of porous conductive materials can include, but are not
limited to, materials comprising conductive carbon, graphite fibers, graphene, and/or
metallic materials. Alternatively, M can be electrodeposited on a dense solid conductive
material. The dense solid conductive material can include, but are not limited to, metallic
materials and/or conductive carbon materials.

[0006] Examples of the membrane can include, but are not limited to, ion-exchange
membranes (such as NAFION) and solid-state membranes. Examples of the separator
can include, but are not limited to, microporous separators. The separators can comprise
polymers or other materials. The ability to use a separator is an unexpected benefit due,
in part, to the presence of, and compatability with, the aqueous solution in both half-cells.
Furthermore, the lower working potential of I" and anions of I (i.e., 0.621 V for x=3)
enables the use of low-cost membranes and relaxes the requirement for expensive
sulfonated tetrafluoroethylene based fluoropolymer-copolymer (e.g., “NAFION”)

[0007] In preferred embodiments, the aqueous solution contains substantially no
iodine (e.g., I), which can tend to precipitate out of solution. Embodiments of the
present invention utilize anions of Iy (for x > 3), which are soluble. Particular examples
of anions of Iy (where x > 3) can include, but are not limited to, I3, 14", and I¢ .

Alternatively, anions of Iy (where x > 3) can include, but are not limited to I3,

wherein n and p are positive integers and 1 <p <4.
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[0008] In the presence of alkaline iodide, I, is predominantly converted to I, (where
x > 3). For example, I, is in equilibrium with I3” according to the following chemical

equation.
L(s)+1~ — 17, K=723+10

where K represents the equilibrium constant. With such a high equilibrium constant,
substantially all the I, will be transformed into I3". However, there can be an insignificant
amount of I, that exists in the equilibrium system. Often the amount is undetectable.
Accordingly, the amount of iodine is negligible and there is substantially no I, in the
electrolyte.

[0009] Varying the acidity of a negative electrolyte solution can provide an
opportunity to expand the voltage window to values approaching 1.9 V. Adjusting the
acidity of the negative electrolytes can change the potential at negative side. With
increasing pH values, the potential at the negative side decreases because of metal oxide
(MO) replacing metal ions, therefore, leading to enhanced overall voltage. The RFBs
described herein preferably operate in a substantially neutral or alkaline environment
compared to traditional RFBs. In some embodiments, the aqueous solution can have a
pH greater than 3. The result is an increase in the overpotential of Hy/H", which can
prevent evolution of hydrogen gas at the negative half-cell, and is beneficial to achieve
high CE value and good cycling performance. In addition, the application of the near
neutral or alkaline electrolytes in this system also reduces corrosion to the components of

the RFB due to acidic environments. Moreover, in many instances no additional mineral
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acids are added. There is no need for extra free protons. For example, in preferred
embodiments, no HCI, H,SO4, HNOs, etc. needs to be added to the aqueous solution.

[0010] In some embodiments, a conduit can connect the first and second half-cells.

A flow controller can permit or restrict flow through the conduit. The conduit and flow
controller can facilitate controllable flow of electrolyte from the second half-cell to the
first half-cell, wherein the electrolyte from the second half-cell can react with the metal
(M). The flow controller can permit or restrict circulation through the conduit. Examples
of flow controllers can include, but are not limited to, valves, pumps, manifolds, and flow
regulators. The anions of Iy (where x > 3) can oxidize the metal into metal cations and
corresponding anions of I (where x > 3) is reduced into I". The electrolytes at both sides
can be recovered to original electrolytes (e.g. aqueous MI, solutions).

[0011] In some embodiments, a pressure regulation system is used in the containers
that contain the first and/or second electrolyte to control and adjust the pressure in the
headspace of the electrolyte container. The volume of the first and second electrolyte can
be controlled and adjusted, and therefore the capacity decay can be regulated, through the
pressure regulation.

[0012]  The purpose of the foregoing summary is to enable the United States Patent
and Trademark Office and the public generally, especially the scientists, engineers, and
practitioners in the art who are not familiar with patent or legal terms or phraseology, to
determine quickly from a cursory inspection the nature and essence of the technical
disclosure of the application. The summary is neither intended to define the invention of
the application, which is measured by the claims, nor is it intended to be limiting as to the

scope of the invention in any way.
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[0013] Various advantages and novel features of the present invention are described
herein and will become further readily apparent to those skilled in this art from the
following detailed description. In the preceding and following descriptions, the various
embodiments, including the preferred embodiments, have been shown and described.
Included herein is a description of the best mode contemplated for carrying out the
invention. As will be realized, the invention is capable of modification in various
respects without departing from the invention. Accordingly, the drawings and description
of the preferred embodiments set forth hereafter are to be regarded as illustrative in

nature, and not as restrictive.

Description of Drawings

[0014] Embodiments of the invention are described below with reference to the
following accompanying drawings.

[0015]  Fig. 1 is a schematic diagram depicting one embodiment of a flow cell
employing metal (M) and a divalent cation of the metal (M?*") as a first active redox
couple along with I" and anions of I (for x > 3) as a second active redox couple according
to embodiments of the present invention.

[0016] Fig. 2 is a cyclic voltammogram obtained using glassy carbon as working
electrode and Ag/AgCl as reference electrode in a 0.085 M Znl, electrolyte solution
according to embodiments of the present invention.

[0017]  Fig. 3 is a plot showing electrochemical performance of a flow cell with
Nafion 212 as membranes and having a 1.5 M Znl; electrolyte solution operated at 20

mA/cm? according to embodiments of the present invention.
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[0018]  Figs. 4A — 4C contains plots showing electrochemical performance of a flow
cell with Nafion 212 as membranes and having a 3.5 M Znl; electrolyte solution operated
at 20 mA/cm” according to embodiments of the present invention. Fig. 4A is the
charge/discharge voltage profile. Fig. 4B shows the flow cell columbic (CE), voltage
(VE), and energy efficiencies (EE) over 10 cycles. Fig. 4C demonstrates the specific
capacity and energy density (based on positive electrolyte) throughout 10 cycles.

[0019] Fig. 5 is a plot showing electrochemical cycling performance of a flow cell
with Nafion 115 as membranes and having a 3.5 M Znl, electrolyte solution operated at
20 mA/cm?® over 40 cycles according to embodiments of the present invention.

[0020] Fig. 6 is a plot comparing electrochemical performance (efficiencies) operated
at various current densities of a flow cell having a 3.5 M Znl, electrolyte solution

according to embodiments of the present invention.

Detailed Description

[0021] The following description includes the preferred best mode of one
embodiment of the present invention. It will be clear from this description of the
invention that the invention is not limited to these illustrated embodiments but that the
invention also includes a variety of modifications and embodiments thereto. Therefore
the present description should be seen as illustrative and not limiting. While the
invention is susceptible of various modifications and alternative constructions, it should
be understood, that there is no intention to limit the invention to the specific form

disclosed, but, on the contrary, the invention is to cover all modifications, alternative
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constructions, and equivalents falling within the spirit and scope of the invention as
defined in the claims.

[0022]  Figures 1-6 show a variety of aspects and/or embodiments of the present
invention. Referring first to Fig. 1 a schematic diagram depicts a RFB 100 employing a
metal and a divalent cation of the metal (M*") as a first active redox couple along with I
and anions of I (for x > 3) as a second active redox couple according to one embodiment
of the present invention. The RFB comprises a first half cell 102 separated from a second
half cell 103 by a membrane or separator 107. The two half cells can be connected to
provide an electrical supply for a load 101. An electrolyte solution comprising M*
cations and iodine anions is separated into catholyte and anolyte in the first and second
half cells, respectively. A first reservoir 104 can contain a supply of the catholyte, which
can be circulated between the first half cell in a continuous or batch manner. A second
reservoir 105 can contain a supply of the anolyte, which can be circulated between the
second half cell in a continuous or batch manner. The first and second half cells further
comprise a first graphite felt (GF) electrode plus current collector 108 and a second GF
electrode plus current collector 109, respectively. The first electrode/current collector
108 further comprises metal (M) that has been electrodeposited 106 on the surface and/or
within pores of element 108.

[0023] The metal (M) can include, but is not limited to Fe, Cr, Ti, Ga, and
combinations thereof. The electrolytes of such metals can be prepared, for example, from
Fel,, from Crl, and/or Crl;, from Tils, Galz, and combinations thereof. In one

embodiment, combined metals can comprise an alloy or a mixture of metals,
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[0024] In one embodiment, a RFB was constructed by dissolving zinc acetate
(Zn(Ac),) in a KI solution to yield an aqueous electrolyte solution. The electrolyte
solution can alternatively be made by dissolving Znl, in the water. Other methods can
also be suitable. In the first half-cell, graphite felt on which Zn is electrodeposited served
as an electrode. In the second half-cell, a graphite felt was utilized as an electrode. A
sulfonated tetrafluoroethylene based fluoropolymer-copolymer (Nafion 212%) was used
as a membrane between the half cells. Referring to Fig. 2, a plot exhibits the coulombic
efficiency (CE), energy efficiency (EE), voltage efficiency (VE), and discharge energy
density for a cell having 1.5 M Znl, solutions in each half cell and operating at a current
density of 20 mA/cm®. The specific discharge energy density was greater than 60 Wh/L,
while the CE, EE, and VE were 99%, 89%, and 88%, respectively.

[0025]  Figures 4A — 4C show data for a similar cell having 3.5 M Znl, solutions
operating at a current density of 20 mA/cm®. Figure 4A shows a charge-discharge curve.
Figure 4B shows the CE, VE, and EE values of the cell versus cycle number. Figure 4C
shows the specific capacity and energy density values versus cycle numbers. These
values are summarized in Table 1 below, along with data for cells comprising Znl,

solutions having concentrations of 0.5 M, 1.5 M, and 2.5 M.

. Discharge .
Consenraion | ¢ | vi | e | e | ocv | Chree | Dishas
(il /LZ) (%) | (%) | (%) | density v) (V)g (V)g

(Wh/L)
0.5 99.5 | 913 | 90.9 33.9 143 | 1.399 1.265
1.5 99.3 | 88.7 | 88.2 63.4 133 | 1.343 1.185
2.5 99.0 | 85.7 | 84.8 98.3 1285 | 1.321 1.132

10




30441-E

3.5 99.5 | 77.1 | 77.5 136.0 1.270 1.362 1.066

[0026]  According to the data in Table 1, the discharge energy density increases with
increasing concentrations of Znl,. The discharge energy density for the cell with 0.5 M
Znl, is comparable to that of all-vanadium flow batteries (VRB). The discharge energy
density for the cell with 1.5 M Znl, is comparable to traditional zinc-bromide flow
batteries. At Znl, concentrations of 3.5 M, the discharge energy density is approximately
5 times greater than the performance of a VRB. The discharge energy density can be
further increased when the issue of Zn dendrite formation is addressed. For example, at 5
M Znl,, the discharge energy density is greater than 148 Wh/L. The charge voltage,
discharge voltage and OCV were 1.40 V, 0.97 V, and 1.23 V, respectively. The CE, VE,
and EE values were 99.5, 69.3, and 69.1, respectively.

[0027]  The impact of Zn dendrite formation can be minimized by using thick
membranes, increasing electrode-to-membrane separation distances, adding anti-dendrite
electrolyte additives, and other techniques. For example, referring to Fig. 5, a flow cell
having an electrolyte solution comprising 3.5 M Znl, exhibited stable cycling for more
than 40 cycles at 20 mA/cm® current density using a thick sulfonated tetrafluoroethylene
based fluoropolymer-copolymer separator (Nafion 115*). The CE, VE, and EE were
99%, 76%, and 75%, respectively.

[0028] Referring to Fig. 6, efficiencies of a flow cell having 3.5 M Znl, at various
current densities are shown. The CE is stable at around 99%. The EE and VE decrease

at increasing current densities, because the high charge/discharge current density can

11
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result in increased overpotential. Table 2 summarizes data obtained from the flow cell

having 3.5 M Znl, at various current densities..

Current density oCV Charge Discharge Dlscharge.
(mA/cm2) V) voltage voltage energy density
V) V) (Wh/L)
10 1.240 1.298 1.108 141.5
20 1.270 1.362 1.066 136.0
30 1.243 1.416 0.983 125.3

[0029] I has a very low solubility in water (around 0.002M at 20 °C). Formation of
substantial I, will precipitate out from the electrolyte as solid. In some of the
embodiments described herein, the batteries and methods for operation are designed to
avoid the oxidation of I" and anions of I into I,. No solid precipitation has been observed
in the embodiments described herein, indicating there is substantially no I, formation or
that the formation of I, is within its very low solubility limit.

[0030]  Other anions of I are possible and can be in solution with I5” or instead of I5.
For example, further charge (oxidation) of Is” may result in polyiodide anions that has
more than three iodide ions, such as Is’, and/or I;, and/or polyiodide anions with even
more iodide ions. In such case, it is preferable that the I anions are soluble. If the
polyiodide anions are soluble without precipitation, they may offer higher capacity
compared to triiodides (I3").

[0031] While a number of embodiments of the present invention have been shown

and described, it will be apparent to those skilled in the art that many changes and

12
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modifications may be made without departing from the invention in its broader aspects.
The appended claims, therefore, are intended to cover all such changes and modifications

as they fall within the true spirit and scope of the invention.
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Claims
We claim:
1. A redox flow battery (RFB) comprising:

a first electrolyte comprising divalent cations of a metal (M*") in an
aqueous solution and a first electrode comprising the metal (M), wherein M
and M*" compose a first active redox couple at a first half-cell;

a second electrolyte comprising I, anions of I, (x > 3), or both in the
aqueous solution, wherein I and anions of Iy compose a second active redox
couple at a second half-cell; and

a membrane or separator between the first and second half-cells.

2. The RFB of Claim 1, wherein the metal comprises an element selected from the
group consisting of Ga, Fe, Cr, Ti, and combinations thereof.

3. The RFB of Claim 1, wherein the metal comprises Zn.

4. The RFB of Claim 1, wherein the aqueous solution has a pH greater than 3.

5. The RFB of Claim 1, wherein the first electrode comprises the metal (M) on a porous,
conductive material.

6. The RFB of Claim 5, wherein the porous conductive material comprises conductive
carbon.

7. The RFB of Claim 5, wherein the porous conductive material comprises graphite
fibers.

8. The RFB of Claim 5, wherein the porous conductive material comprises graphene.

9. The RFB of Claim 5, wherein the porous conductive material comprises a metallic

material.

14



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

30441-E

The RFB of Claim 1, wherein the first electrode comprises M on a dense solid
conductive material.

The RFB of Claim 10, wherein the dense solid conductive material comprises a
metallic material.

The RFB of Claim 10, wherein the dense solid conductive material comprises
conductive carbon materials. .

The RFB of Claim 1, wherein the membrane comprises an ion-exchange membrane.
The RFB of Claim 1, wherein the membrane comprises a solid-state membrane.
The RFB of Claim 1, wherein the separator comprises a microporous separator.

The RFB of Claim 1, wherein the aqueous solution contains substantially no iodine.
The RFB of Claim 1, wherein the anions of Iy comprise I5".

The RFB of Claim 1, wherein the anions of Iy comprise 14"

The RFB of Claim 1, wherein the anions of Iy comprise I¢ .

The RFB of Claim 1, wherein the anions of I, comprise I3,,,, wherein n and p are
positive integers and 1 <p <4.

The RFB of Claim 1, having an energy density (based on the positive electrolyte)
greater than 60 Wh/L.

The RFB of Claim 1, further comprising a conduit connecting the first and second
half-cells and a flow controller, wherein electrolyte from the second half-cell can
circulate through the conduit to the first half-cell to react with the Zn and wherein the
flow controller permits or restricts circulation through the conduit.

A redox flow battery (RFB) comprising:

15
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a first electrolyte comprising Zn>" in an aqueous solution and a first
electrode comprising Zn, wherein the Zn and the Zn”>" compose a first active
redox couple at a first half-cell;

a second electrolyte comprising I, anions of It (x > 3), or both in the
aqueous solution, wherein the I and the anions of Iy compose a second active
redox couple at a second half-cell; and

a membrane or separator between the first and second half-cells;

wherein the RFB has an energy density (based on the positive electrolyte)
greater than 60 Wh/L and the aqueous solution contains substantially no
iodine.

24. The RFB of Claim 23, wherein the aqueous solution has a pH greater than 3.

25. The RFB of Claim 23, further comprising a conduit connecting the first and second
half-cells and a flow controller, wherein electrolyte from the second half-cell can
circulate through the conduit to the first half-cell to react with the Zn and wherein the
flow controller permits or restricts circulation through the conduit.

26. A method for storing electrical energy in a RFB, the method comprising:

Providing an electrical source of energy to the RFB;

Reducing a M*" electroactive species thereby electrodepositing M on an

electrode in a first half-cell, wherein M?" is a divalent cation of a metal,

M;

Oxidizing a positive electroactive species, I, to yield one or more anions

of I (x > 3) in a second half-cell; and

Ceasing the electrical source of energy to prevent formation of iodine.

16
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The method of Claim 26, wherein the anions of Iy comprise I5.

The method of Claim 26, wherein the anions of Iy comprise L4 .

The method of Claim 26, wherein the anions of Iy comprise I¢ .

The method of Claim 26, wherein the anions of Iy comprise I, ,, wherein n and p
are positive integers and 1 <p <4.

The method of Claim 26, wherein the metal is Zn.

The method of Claim 26, further comprising yielding an energy density (based on the

positive electrolyte) greater than 60 Wh/L.
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Abstract
Improved metal-based redox flow batteries (RFBs) can utilize a metal and a divalent
cation of the metal (M*") as an active redox couple for a first electrode and electrolyte,
respectively, in a first half-cell. For example, the metal can be Zn. The RFBs can also
utilize a second electrolyte having I', anions of I, (for x > 3), or both in an aqueous
solution, wherein the I" and the anions of I (for x > 3) compose an active redox couple in

a second half-cell.
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