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(57) ABSTRACT

The mvention provides an electrochemical cell based on a
new chemistry for a tlow battery for large scale, e.g., grid-
scale, electrical energy storage. Electrical energy 1s stored
chemically at an electrochemical electrode by the protonation
of small organic molecules called quinones to hydroquino-
nes. The proton 1s provided by a complementary electro-
chemical reaction at the other electrode. These reactions are
reversed to deliver electrical energy. A flow battery based on
this concept can operate as a closed system. The tlow battery
architecture has scaling advantages over solid electrode bat-
teries for large scale energy storage.
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SMALL ORGANIC MOLECULE BASED
FLOW BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of priority to U.S.
Provisional Application Nos. 61/703,845, filed Sep. 26,2012,
61/823,258, filed May 14, 2013, and 61/838,589, filed Jun.

24, 2013, each of which 1s hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This mnvention was made with government support
under grant number 0670-4322 from the Advanced Research
Projects Agency-Energy-U.S. Department ol Energy. The
government has certain rights to the imvention.

BACKGROUND OF THE INVENTION

[0003] Intermittent renewable electrical power sources
such as wind and photovoltaics (PV) cannot replace a signifi-
cant fraction of our current fossil fuel-based electrical gen-
cration unless the mtermittency problem is solved. Fluctua-
tions 1n renewable source power are generally backed up by
natural gas fired “peaker” plants. Inexpensive, reliable energy
storage at or near the generation site could render the renew-
able source dispatchable (e.g. demand-following) and permat
the gas peakers to replace baseload coal. It could also permit
tull utilization of the transmission capacity of power lines
from the generation site, permitting supply capacity expan-
sion while deferring the need for transmission capacity
expansion.

[0004] The advantages of flow batteries are giving them
increased attention for grid-scale electrical storage [1]:
because all of the reactants and products are stored 1n tanks
outside the electrochemical conversion device, the device
itself may be optimized for the required power while the
required energy 1s independently determined by the mass of
reactant and the size of storage tanks. This can drive down the
storage cost per KWh, which 1s the single most challenging
requirement for grid-scale storage. In contrast, in solid elec-

Aug. 27,2015

trode batteries the energy/power ratio (1.e. the peak-power
discharge time) does not scale and 1s inadequate for rendering
intermittent renewable power sources dispatchable. Most
solid-electrode batteries have peak-power discharge times
<<] hr., whereas rendering PV and wind dispatchable require
~15 and -50 hrs., respectively [2].

[0005] The commonly recognized technology options for
grid-scale electrical energy storage are summarized 1n Table
1. Commercial activity with zinc-bromine hybrid tflow batter-
1es 1llustrates the technical feasibility of liquid bromine and
hydrobromic acid as reactants. However, by 1ts nature the
design—involving Zn plating within the electrochemical
conversion device—does not permit tlow battery-like energy
scaling; 1t also presents a dendrite-shorting risk [1]. Arguably
the most developed tlow battery technologies are vanadium
redox flow batteries (VRBs) and sodium-sulfur batteries
(NaSBs). Costs per kW are comparable, whereas VRBs are
considerably more costly on a cost per kWh basis, 1n part due
to the high price of vanadium, which sets a floor on the
ultimate cost perkWh ofa VRB [3]. The vanadium itself costs
around $160/kWh based on recent costs for V,O. [4]. VRBs
do benefit from a longer cycle life, with the ability to be
cycled 1 excess of 10,000 times, whereas NaSBs are typi-
cally limited to about 4,500 cycles [3]. For VRBs, costs per
kW are likely to move lower, as recent improvements in VRB
cell design have led to significantly higher power densities
and current densities, with values of 0.55 W/cm® and 0.9
A/cm?, respectively [5], but these don’t help lower the ulti-
mate floor on the cost per kWh. These values, to our knowl-
edge, represent the best performance achieved in VRBs
reported to date 1n the literature. NaSBs have to operate above
300° C. to keep the reactants molten, which sets a tloor on
their operating costs. Over 100 MW of NaSBs have been
installed on the grid 1n Japan, but this 1s due to government fiat
rather than market forces. NaSBs have the longest duration
(energy/power) at ~7 hrs. VRBs are the subject of aggressive
development, whereas NaSBs represent a static target. There
1s also recent work on the regenerative electrolysis of hydro-
halic acid to dihalogen and dihydrogen [6-9], where the halo-
gen 1s chlorine or bromine. These systems have the potential
for lower storage cost per kWh than VRBs due to the lower
cost of the chemical reactants.

TABLE 1

Eneroy Storage for the orid. From Dunn et al. [3]: original source EPRI.

Technology

option Maturity
CAES Demo
(aboveground)

Advanced Demo
Pb-acid

Na/S Commercial
Zn/Br flow Demo

V redox Demo
Fe/Cr tlow R&D
Zn/air R&D

L1 ion Demo

Capacity  Power  Duration %o Efficiency Total cost Cost

(MWh)  (MW)  (hours) (total cycles)  ($/kW) ($/kWh)
250 50 5 (>10,000)  1950-2150 390-430
3.2-4.%8 1-12 3.2-4 75-90 2000-4600  625-1150

(4500)
7.2 1 7.2 75 3200-4000  445-5355
(4500)
5-50 1-10 5 60-65 1670-2015  340-1350
(>10.,000)
4-40 1-10 4 65-70 3000-3310  750-830
(>10.,000)
4 1 4 75 1200-1600  300-400
(>10,000)
54 1 5.4 75 1750-1900  325-350
(4500)
4-24 1-10 2-4 90-94 1800-4100  900-1700

(4500)
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SUMMARY OF THE INVENTION

[0006] The invention provides an electrochemical cell
based on a new chemistry for a flow battery for large scale,
¢.g., gridscale, electrical energy storage. Electrical energy 1s
stored chemically at an electrochemical electrode by the pro-
tonation of small organic molecules called quinones to hyd-
roquinones. The proton i1s provided by a complementary elec-
trochemical reaction at the other electrode. These reactions
are reversed to deliver electrical energy. A tlow battery based
on this concept can operate as a closed system. The flow
battery architecture has scaling advantages over solid elec-
trode batteries for large scale energy storage. Because
quinone-to-hydroquinone cycling occurs rapidly and revers-
ibly 1in photosynthesis, we expect to be able to employ 1t to
obtain high current density, high efficiency, and long lifetime
in a flow battery. High current density drives down power-
related costs. The other advantages this particular technology
would have over other flow batteries 1nclude inexpensive
chemicals, energy storage in the form of safer liquds, an
inexpensive separator, little or no precious metals usage in the
clectrodes, and other components made of plastic or inexpen-
stve metals with coatings proven to afford corrosion protec-
tion.

[0007] Vanations of a quinone-based cell are described.
One 15 a quinone/hydroquinone couple as the negative elec-
trode against a positive electrode with a redox active species.
In one embodiment, the positive electrode and the negative
clectrode are quinone/hydroquinone couples.

[0008] In one aspect, the invention provides a rechargeable
battery having first and second electrodes, wherein 1n its
charged state, the battery includes a redox active species 1n
contact with the first electrode and a hydroquinone dissolved
or suspended 1n aqueous solution in contact with the second
clectrode, wherein during discharge the redox active species
1s reduced and the hydroquinone 1s oxidized to a quinone. In
certain embodiments, the redox active species 1s dissolved or
suspended 1n aqueous solution. Redox active species may
include chlorine, bromine, 10dine, oxygen, vanadium, chro-
mium, cobalt, iron, manganese, cobalt, nmickel, copper, or
lead, 1n particular, bromine or a manganese oxide, a cobalt
oxide or a lead oxide. Alternatively, the redox active species 1s
a second quinone dissolved or suspended in aqueous solution,
as described herein. In a specific embodiment, the hydro-
quinone and quinone, e.g., a water-soluble anthraquinone
optionally including one or more sulfonate groups, have a
standard electrochemical potential below 0.4 volts with
respect to a standard hydrogen electrode. Typically, the first
clectrode 1s separated from the second electrode by a barrier
that inhibits the passage of the redox-active species and the
hydroquinone, ¢.g., an 10n conducting membrane or a size
exclusion membrane. In a specific embodiment, the first and
second electrodes are separated by an 10on conducting barrier,
and the redox active species includes bromine.

[0009] In another aspect, the invention features a recharge-
able battery including first and second electrodes separated
by an 1on conducting hydrocarbon barrier or size-exclusion
barrier, wherein 1n 1ts charged state, the battery includes a
quinone at the first electrode and a hydroquinone at the sec-
ond electrode, wherein during discharge, the quinone 1is
reduced, and the hydroquinone 1s oxidized.

[0010] Inarelated aspect the invention features a recharge-
able battery including first and second electrodes separated
by an 10n conducting barrier, wherein 1n 1ts charged state, the
battery includes a quinone 1n aqueous solution at the first

Aug. 27,2015

clectrode and a hydroquinone in aqueous solution at the sec-
ond electrode, wherein during discharge, the quinone 1is
reduced, and the hydroquinone 1s oxidized. In a further
related aspect, the invention features a rechargeable battery
including first and second electrodes separated by an 1on
conducting barrier, wherein 1n 1ts charged state, the battery
includes bromine at the first electrode and a hydroquinone at
the second electrode, wherein during discharge, bromine 1s
reduced, and the hydroquinone 1s oxidized. In yet a further
aspect, the invention features a rechargeable battery including
first and second electrodes separated by an 10n conducting
hydrocarbon barrier, wherein 1n its charged state, the battery
includes a quinone at the first electrode and a hydroquinone at
the second electrode, wherein during discharge, the quinone
1s reduced, and the hydroquinone 1s oxidized.

[0011] For any of these aspects, the quinone or hydro-
quinone in oxidized form 1s, for example, of formula (I) or

(1I):

()

O
Rin_ Ry
Q or
(1)
R,
R> O
R; O
R4

wherein each of R, -R, 1s independently selected from H, C, _,
alkyl, halo, hydroxy, C,_ alkoxy, and SO;H, or an 1on
thereol, e.g., H, C, < alkyl, halo, C, _; alkoxy, and SO,H, or an
1ion thereof or H, C, _; alkyl, C, _. alkoxy, and SO,H, or an 10n
thereof. In another embodiment, the quinone or hydro-
quinone 1n oxidized form 1s, for example, of formula (I1I):

(I11)

Rg O R

R~ R,
X

Rﬁ / R3 n
R; O R4

wherein each of R, -R, 1s independently selected from H, C, _
alkyl, halo, hydroxyl, C,_. alkoxy, and SO;H, or an 1on
thereot, e.g., H, C, _, alkyl, halo, C, _. alkoxy, and SO,H, or an
ion thereot, or H, C, _; alkyl, C, _, alkoxy, and SO;H, or anion
thereof.
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[0012] A rechargeable battery of the invention may further
include a reservoir for quinone and/or hydroquinone dis-
solved or suspended in aqueous solution and a mechanism to
circulate quinone and/or hydroquinone. In particular embodi-
ments, the rechargeable battery 1s a tlow battery.

[0013] Exemplary quinones or hydroquinones in oxidized
form are of formula (A)-(D):

(A)
R
S\r'#_. ..*"...1/ 1
g ]
'&1‘“”# \
R4/ Y R,
R3
(B)
Rg R,
R- R,
R6 R3:
Rs R4
(C)
Rg Rio R
Rg R,
R7 Rz,
Rg R R4
(D)
R
R R;
Rjo
Ro
Ry,
Rg RS:
R R,

wherein each of R,-R,, 1s independently selected from H,
optionally substituted C,_; alkyl, halo, hydroxy, optionally
substituted C, _. alkoxy, SO,H, amino, nitro, carboxyl, phos-
phoryl, phosphonyl, and 0xo, or an 10n thereof, provided that
two of R, -R for formula (A) are oxo, two or four of R | -R for
formula (B) are oxo, and two, four, or six of R,-R,, for
tormulas (C) and (D) are oxo, wherein the dashed lines indi-
cate that the monocylic ring of formula (A), the bicyclic ring
of formula (B), and the tricyclic rings of formulas (C) and (D)
are Tully conjugated. In specific embodiments, R, -R; , 1s inde-
pendently selected from H, optionally substituted C, _. alkyl,
hydroxy, optionally substituted C,_, alkoxy, SO,H, amino,
nitro, carboxyl, phosphoryl, phosphonyl, and oxo, or an 10n
thereof.

[0014] Exemplary quinones or hydroquinones in oxidized
form may also be of formula (I)-(IX):
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()

(1)

(I11)

R l R,
Rg R3,

(IV)

(V)

(VD)

(VID)

wherein each of R,-R; 1s independently selected from H,
optionally substituted C,_, alkyl, halo, hydroxy, optionally
substituted C, _, alkoxy, SO,H, amino, nitro, carboxyl, phos-
phoryl, phosphonyl, and oxo, or an 10n thereof. In particular
embodiments, each of R;-R; 1s independently selected from
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H, optionally substituted C, _ alkyl, hydroxy, optionally sub-
stituted C, _. alkoxy, SO,H, amino, nitro, carboxyl, phospho-
ryvl, phosphonyl, and oxo, or an 10n thereof.

[0015] Specific quinones or hydroquinones in oxidized
form for use with any aspect of the invention include 9,10-
anthraquinone-2,7-disulfonic acid, 9,10-anthraquinone-2,6-
disulfonic acid, 9,10-anthraquinone-1,8-disulfonic acid,
9,10-anthraquinone-1,3-disulfonic acid, 9,10-an-
thraquinone-2-sulfonic  acid, 9,10-anthraquinone-2,3-
dimethanesulionic acid, 1,8-dihydroxy-9,10-anthraquinone-
2, 7-disultfonic acid, 1,5-dihydroxy-9,10-anthraquinone-2,6-
disulfonic  acid, 1,4-dihydroxy-9,10-anthraquinone-2-
sulfonic  acid, 1,3,4-trthydroxy-9,10-anthraquinone-2-

sultonic acid, 1,2-naphthoquinone-4-sulfonic acid, 1.,4-
naphthoquinone-2-sulfonic acid, 2-chloro-1.4-
naphthoquinone-3-sulfonic acid, 2-bromo-1.,4-
naphthoquinone-3-sulfonic acid, or a mixture thereof.

Further preferred quinones or hydroquinones in oxidized
form 1nclude 9,10-anthraquinone-2,7-disulfonic acid, 9,10-
anthraquinone-2,6-disulfonic acid, 9,10-anthraquinone-1,8-
disulfonic acid, 9,10-anthraquinone-1,5-disulfonic acid,
9,10-anthraquinone-2-sulfonic acid, or a mixture thereof. An
exemplary quinone for use with any aspect of the mnvention 1s
9,10-anthraquinone-2,7-disulfonate.
[0016] Additional quinones or hydroquinones in oxidized
form include 2-hydroxy-1,4-naphthoquinone-3-sulfonic
acid, 1,2.4-trihydroxybenzene-3-sulfonic acid, 2,4,5-trihy-
droxybenzene-1,3-disulfonic acid 2,3,5-trihydroxybenzene-
1.,4-disultfonic acid, 2.4,5,6-tetrahydroxybenzene-1,3-disul-
fonic acid, 2,3,5-trihydroxybenzene-1.4-disulfonic acid, 2,3,
5,6-tetrahydroxybenzene-1.4-disulionic acid, or a mixture
thereof.
[0017] Stll further quinones and hydroquinones 1n oxi-
dized form for use alone or 1n mixtures in any aspect of the
invention are described herein, e.g., in Table 4.
[0018] The mvention also provides methods for storing
clectrical energy by applying a voltage across the first and
second electrodes and charging any battery of the invention.
[0019] The invention also provides methods for providing
clectrical energy by connecting a load to the first and second
clectrodes and allowing any battery of the invention to dis-
charge.
[0020] In certain embodiments, 4,5-dihydroxy-1,3-ben-
zenedisulionate and/or 2,5-dihydroxy-benzenedisulionate
are specifically excluded as the hydroquinone or quinone 1n
reduced form for any aspect of the invention.
[0021] The absence of active metal components 1 both
redox chemistry and catalysis represents a significant shift
away from modern batteries. In particular, the use of quino-
nes, such as 9,10-anthraquinone-2,7-disulfonate, offers sev-
eral advantages over current tlow battery technologies:
[0022] (1) Scalability: 1t contains the earth-abundant
atoms, such as carbon, sulfur, hydrogen and oxygen, and
can be mexpensively manufactured on large scales.
Because some quinones are natural products, there is
also the possibility that the electrolyte material can be
renewably sourced.

[0023] (2) Kinetics: 1t undergoes rapid two-electron
redox on simple carbon electrodes and does not require
a costly precious metal catalyst.

[0024] (3) Stability: the quinone should exhibit minimal
membrane crossover because of its relatively large size
and potential for a diamionic state. Furthermore,
although bromine crossover 1s a known 1ssue 1n zinc-
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bromine and hydrogen-bromine cells, 9,10-an-
thraquinone-2,7-disulifonate 1s stable to prolonged heat-
ing in concentrated Br,/HBr mixtures.

[0025] (4) Solubility: it has a solubility of order 1 M at
pH 0 and can be stored at relatively high energy densi-
ties.

[0026] (5) Tunability: The reduction potential and solu-

bility of quinones can be further optimized by introduc-
tion of electron-donating functional groups such as
—OH.
These features lower the capital cost of storage chemicals per
kWh, which sets a floor on the ultimate system cost per KkWh
at any scale. Sulfonated anthraquinones are used on an indus-
trial scale 1n wood pulp processing for paper, and they can be
readily synthesized from the commodity chemicals
anthraquinone and oleum. We estimate chemical costs of $21
kWh™" for 9,10-anthraquinone-2,7-disulfonate and $6
kWh™! for bromine. A quinone-bromine flow battery offers
significant cost improvements to vanadium flow batteries that
cost $81 kWh™'. Optimization of engineering and operating
parameters such as the tflow field geometry, electrode design,
membrane separator, and temperature should lead to signifi-
cant performance improvements 1n the future, as 1t has for
vanadium flow batteries, which took many years to surpass
100 mW cm™>. The use of quinones represents a new and
promising direction for cost-eflective, large-scale energy
storage.
[0027] For the purposes of this invention, the term
“quinone” includes a compound having one or more conju-
gated, C,_, , carbocyclic, fused rings, substituted, 1n oxidized
form, with two or more oxo groups, which are 1n conjugation
with the one or more conjugated rings. Preferably, the number
of rings 1s from one to ten, e.g., one, two, or three, and each
ring has 6 members.
[0028] By alkyl 1s meant straight chain or branched satu-
rated groups from 1 to 6 carbons. Alkyl groups are exempli-
fied by methyl, ethyl, n- and 1so-propyl, n-, sec-, 1so- and
tert-butyl, neopentyl, and the like, and may be optionally
substituted with one, two, three, or, 1n the case of alkyl groups
of two carbons or more, four substituents independently
selected from the group consisting of halo, hydroxyl, C, .
alkoxy, SO,H, amino, nitro, carboxyl, phosphoryl, phospho-
nyl, and oxo, or an 10n thereof.
[0029] By “alkoxy” 1s meant a group of formula —OR,
wherein R 1s an alkyl group, as defined herein.
[0030] By “halo” 1s meant, fluoro, chloro, bromo, or 10do.
[0031] By “hydroxyl” 1s meant —OH.
[0032] By “amino” 1s meant —NH,. An exemplary 1on of
amino 1s —NH,".
[0033] By “nitro” 1s meant —NO.,.
[0034] By “carboxyl” 1s meant —COOH. An exemplary
ion of carboxyl, 1s —COO".
[0035] By “sulfonyl” 1s meant —SO,H. An exemplary 1ion
of sultonyl 1s —SO,".
[0036] By “phosphoryl” 1s meant —PO.H,. Exemplary
ions of phosphoryl are —PO,11 and —PO,*".
[0037] By “phosphonyl” 1s meant —PO;R,,, wherein each
R 1s independent H or alkyl, as defined herein. An exemplary
ion of phosphoryl 1s —PO,R".
[0038] By “0x0” 1s meant —0.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] FIG.11sascheme of redox potentials of interest. (a)
Range of redox potentials spanming roughly 2V in dimethyl
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sulfoxide exhibited by quinones from [10]. (b) Range of
aqueous standard reduction potentials vs. SHE (pH 0).
[0040] FIG. 2 1s scheme of a battery having a hydroquinone
at the negative electrode and bromine at the positive elec-
trode. (a) charge mode; (b) discharge mode.

[0041] FIG. 3 15 a set of cyclic voltammograms (a) 1 m
catechol in 1 N H,SO,. The plot shows the oxidative current
density vs. voltage ofa0.149 cm” working electrode of flat Pt.
()3.9m catecholin 1 N H, SO, reached 370 mA/cm” with no
sign of peaking.

[0042] FIG. 4 1s a half-cell cyclic voltammogram for hyd-
roquinone sulfonic acid.

[0043] FIG. 5 1s (a) Cyclic voltammogram of AQDS (1
mM) in 1 M H,SO, on a glassy carbon electrode (scan
rate=25 mV s'). (b) Rotating disk electrode measurements
using a glassy carbon electrode in 1 M H,SO, at eleven
rotation rates ranging from 200 (red) to 3600 rpm (dk. green).
(c) Pourbaix diagram of AQDS. Solid lines indicate slopes of
-39 mV/pH, =30 mV/pH, and 0 mV/pH, corresponding to
two-, one-, and zero-proton processes respectively. Dashed
lines linearly extrapolate the one- and zero-proton processes
to give E° values of 18 mV (2e¢7/1 H") and =296 mV (2e¢7/0
H™).

[0044] FIG. 6 1s a Levich plot (current vs. rotation rate) of
1 mM AQDS in 1 M H,SO,. Best fit line has a slope of
0.453(2) pA s rad™2.

[0045] FIG. 7 is a Koutecy-Levich plot (current™" vs. rota-
tion rate™"'?).
[0046] FIG. 81sa Tafel plot (overpotential vs. log(current))

constructed using the current response in the absence of
mass-transport at low overpotentials, extrapolated from the

zero-intercept of FIG. 7 (infinite rotation rate). Best fit line 1s
the function y=62(x+4.32). This yields =0.474(2) and k,=7.

2(5)x10° cm s™".

[0047] FIG. 9 1s a cyclic voltammogram plot of 9,10-an-
thraquinone-2,7-disulfonic acid (AQDS) l mMin 1 M H,SO,
on a glassy carbon working electrode (black) and of
anthraquinone sulfonic acid mixture solution.

[0048] FIG. 10 15 a cyclic voltammograms of 9,10-an-
thraquione-2,7-disulionic acid (AQDS) and 1,8-dihydroxy-
9,10-anthraquinone-2,7-disulfonic acid (1,8-(OH),-AQDS),
showing that the latter has a 95 mV lower reduction potential.
[0049] FIG. 11a 1s a scheme of p-benzoquinone as the
positive material and H, gas as the negative material for fuel
cell tests. FIG. 115 1s an image of the cell used. FIG. 11c1s a
graph of cell potential versus current density for tests in
Example 8 using a 0.1 M solution. FIG. 11d 1s a graph of the
cell power density as a function of galvanic current density for
Example 8.

[0050] FIG. 12 1s a Cell Schematic. Electrolytic/charge
mode 1s shown; the arrows are reversed for galvanic/dis-
charge mode.

[0051] FIG. 13 1s (a) Cell potential vs. current density at
five different states-of-charge. The inset shows a linear
increase in cell potential as the state of charge 1s increased. (b)
Plot of galvanic (discharge) power density vs. current density
at the same five states of charge as (a). (¢) Plot of electrolytic
(charging) power density vs. current density at the same five
states of charge as (a). (d) Cell potential measured upon
cycling at 500 mA cm™=.

[0052] FIG.141s (a) Cell potential vs. current density at six
different states-oi-charge for the cell in Example 9. (b) Plot of
power density vs. current density at the same six states of
charge as (a).

Aug. 27,2015

[0053] FIG. 15 15 a plot of cell potential vs. state of charge
for Example 9; mset shows stable current cycling over 100
shallow cycles.

[0054] FIG. 16 1s a plot of cell potential vs. time from
Example 11, measured upon cycling (charge and discharge)
ten times at 500 mA cm™.

[0055] FIG. 17 is "H NMR (500 MHz, D.O) spectrum of
(a) AQDS. 6=7.99 ppm (d, J=2 Hz, 1,8 C—H), 7.79 (dd, J=2
and 8 Hz, 4,5 C—H), 7.50 (d, J=8 Hz, 3,6 C—H). (b) The
same sample, 20 h after addition of Br,. (¢)"H NMR of AQDS
treated with 2 M HBr and Br,, and heated to 100° C. for 48 h.
The peaks are shifted due to presence of trace HBr which
shifted the residual solvent peak due to increased acidity.
Coupling constants for each peak are 1dentical to (a).

[0056] FIG.18is “C NMR (500 MHz, D,O) spectrum of
(a) AQDS. 0=181.50 (C 9), 181.30 (C 10), 148.51 (C 2.7),
133.16 (C11),132.40(C 12),130.86 (C3,6),128.59(C4,5),
124.72 ppm (C 1,8). () The same sample, 24 h after addition
of Br,. (¢)'">C NMR of AQDS treated with 2 M HBr and Br,
and heated to 100° C. for 48 h.

DETAILED DESCRIPTION OF THE INVENTION

[0057] The mvention points the way to a high efficiency,
long cycle life redox tlow battery with reasonable power cost,
low energy cost, and all the energy scaling advantages of a
flow battery. In some embodiments, the separator can be a
cheap hydrocarbon instead of a fluorocarbon, and reactant
crossover will be negligible. The electrodes can be inexpen-
stve conductors, conformally coated with a layer of active
material so thin as to be negligible 1n cost [9]. Many of the
structural components can be made of cheap plastic, and
components that need to be conducting can be protected with
conformally coated ultrathin films. Chemaical storage can be
in the form of cheap, flowing liquids held 1n cheap plastic
tanks and require neither compression nor heating above the
liquid’s boiling point. The electrochemical cells are based on
small organic molecules (SOMs) called quinones (FIG. 1).
Because quinone-to-hydroquinone cycling occurs rapidly
and reversibly 1n photosynthesis, we are able to employ 1t to
obtain high current density (high current density 1s very
important because the cost per kW of the system 1s typically
dominated by the electrochemical stack’s cost per kW, which
1s inversely proportional to the power density—the product of
current density and voltage), high efficiency, and long life-
time 1n a flow battery. There are hundreds of different quino-
nes spanning a wide range in properties [10-13] such as
reduction potential (FIG. 1), solubility and stability in water
and other solvents. In addition, there are many structures that
can be readily screened computationally and synthesized. For
example, quinones with high redox potential and candidates
with low redox potential, along with other desirable attributes
can be identified based on computation screens. In one
embodiment, a full cell includes a low redox potential
quinone/hydroquinone couple and a bromine/bromide coun-
terelectrode. In another embodiment, the full cell includes a
high redox potential quinone/hydroquinone couple vs. a low
redox potential quinone/hydroquinone couple. A perfor-
mance target 1s 80% round-trip efficiency 1n each cell at 0.25
W/cm”.

[0058] The organic quinone species, €.g., anthraquinones,
can be synthesized [39] from 1mnexpensive commodity chemi-
cals that cost a factor of three less per Kk Wh of storage than the
vanadium metal 10ns used 1n the most highly commercialized
flow battery systems. It also permits further organic function-
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alization to increase the cell voltage and energy storage
capacity. Upon scale-up, quinone-based tlow batteries can
provide massive electrical energy storage at greatly reduced
COst.

Small Organic Molecule (SOM) Technical Background

[0059] The mnvention 1s employs a knowledge base 1 oxy-
gen-iree fuel cells [14-16]. There 1s also a growing knowl-
edge base on SOM electrochemistry for hydrogen storage
[17,18]. Organic-based fuel cells have been the subject of
numerous studies, many focusing on alcohols (methanol and
ethanol) and formic acid (H*COOH™). Cells utilizing these
tuels typically rely on high precious metal content catalysts
(Pt, Pd, or Ru) [19-21]. Current densities approaching 1
A/em® and power densities exceeding 250 mW/cm” have
been obtained 1n direct formic acid fuel cells [19]. Reactant
crossover 1s more important with methanol than formic acid
[21]. Although there are anumber of choices for a SOM redox
couple [22-24], quinone-based compounds present a highly
promising class of SOMs. Quinones are abundant 1n nature,
they play a vital role 1n oxygen-evolving photosynthesis, and
we eat them 1n green vegetables. In particular, plastoquinone
1s reversibly and rapidly reduced to plastoquinol as part of the
clectron transport chain that ultimately leads to the reduction
of NADP+ to NADPH, which 1s then used 1n the synthesis of
usetul organic molecules from CO, [25]. A 2009 publication
exploring quinones for flow batteries makes the potential
clear for flow batteries based on quinone/hydroquinone
couples [26]. They reported one promising quinone/hydro-
quinone couple (sulfonic quinol) as the positive electrode
against the conventional Pb/PbSO, negative solid electrode.
They obtained disappointing current densities of order 10
mA/cm”. Indeed the reported [ 13] exchange current density is
relatively high for the para-benzoquinone/hydroquinone
couple on smooth Pt. It 1s comparable to that for the chlorine/
chloride couple on smooth RuO,—the basis of the commer-

cial Dimensionally Stabilized Anode (DSA) for the Chlor-
Alkali industry [27].

[0060] The quinone to hydroquinone reduction reaction
consists of converting an oxygen that 1s doubly bonded
(“—=0") to an sp~ C, ring into a singly-bonded hydroxyl
(“—OH”), as shown 1n FI1G. 2(a). An electrode contributes an
clectron as the acidic electrolyte provides the proton. This
typically occurs with pairs of oxygens in the ortho or para
confligurations; in aqueous solutions the two oxygen sites
undergo the reaction at potentials that are virtually indistin-
guishable. The transition from the hydroquinone to the
quinone involves simply removing protons without disrupt-
ing the rest of the bonding (FI1G. 2(5)), and so these molecules
are exceedingly stable. Because the redox potentials shiit
with changing solvent, but the hierarchy 1s much less affected,
the 2-Volt range reported in dimethyl sulfoxide in FIG. 1{(a) 1s
encouraging for the prospects in aqueous electrolyte (FIG.
1(5)). The first concern we have 1n creating a quinone-based
flow battery 1s selecting a quinone with the appropnate value
of the redox potential (FIG. 1). In aqueous solutions the
positive electrode cannot operate at voltages above about 1.5
V vs. Standard Hydrogen Electrode (SHE) or else O, evolu-
tion becomes significant. The negative electrode cannot oper-
ate at voltages below about -0.2 V to 0 V (depending on
clectrocatalyst) vs. SHE or else H, evolution becomes signifi-
cant. These reactions are near the ends of the range of poten-
tials shown 1 FIG. 1(b). The survey, from which selections
are shown 1n FIG. 1(b), 1s limited by some discrepancies 1n
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reported literature values, e.g. Nivinskas et al. [28] claim a
redox potential of 0.040 V for tetramethylbenzoquinone,
whereas Song et al. claim 0.068 V [29]. Nevertheless, it 1s
clear from the figure that adding electron-withdrawing
groups, such as Cl, raises the redox potential whereas adding
clectron-donating groups, such as methyl or 1sopropyl, low-
ers the redox potential.

[0061] In addition to redox potential, important molecular
characteristics 1nclude solubility, stability, toxicity, and
potential or current market price. High solubility 1s important
because the mass transport limitation at high current density
in a full cell 1s directly proportional to the solubility. Solubil-
ity can be enhanced by attaching polar groups such as the
sulfonate groups, as in 1,2-Dihydroxybenzene-3,5-disulfonic
acid (FI1G. 1(b)). Stability 1s important not only to prevent
chemical loss for long cycle life, but also because polymer-
ization on the electrode can compromise the electrode’s
clfectiveness. Stability against water and polymerization can
be enhanced by replacing vulnerable C—H groups adjacent
to C+0 groups with more stable groups such as C—R, where
R 1s optionally substituted C,_. alkyl, hydroxy, optionally
substituted C, _, alkoxy, SO,H, amino, nitro, carboxyl, phos-
phoryl, or phosphonyl.

[0062] Many quinones or hydroquinones are available
commercially on a small scale, and their current market price
sets an upper limit on what the price might be at large scale.
The very common 1,4-parabenzoquinone (“BQ”), for
example, currently costs only about $10.53/kWh, assuming a
1-V cell, as shown 1n Table 2. Other quinones can be synthe-
s1zed.

TABL.

(L]

2

Market prices of energy storage chemicals and chemicals
price of cells made up of two such chemicals. For
comparison we have assumed cell voltages of 1.2V

for vanadium and 1.0 V for all other chemicals.

E,, $kWh
Compound $’kg  Source V] per side
Vanadium pentoxide $28.48 USGS 1.2 $80.54
(V-505) (costin 2011)
Benzoquinone $ 5.27 Shanghai Smart 1 $10.63
(BQ) Chemicals Co
Bromine (Br-) $ 1.53 TUSGS 1 $ 4.57
(cost 1n 2006)
Carbon Dioxide $ 0.73 Airgas price 1 $ 0.60
(CO5) for bulk CO,
Formic acid $ 1.20 DNV Risk 1 $ 1.03
(HCOOH) Management
Firm
Full Cell $/kWh
Benzoquinone with Bromine $ 15.19
Benzoquinone with CO, $ 11.22
Benzoquinone witt® $ 21.25
Vanadium with Vanadium $161.08

@ indicates text missing or illegible when filed
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[0063] Examples of quinones useiul in the invention
include those of formulas (A)-(D):

(A)

(B)

(C)

(D)

R R3
Rjo
Ry
‘ R4,
Rg RS:

R, Rg

wherein each of R,-R,, 1s independently selected from H,
optionally substituted C, _ alkyl, halo, hydroxy, C,_, alkoxy,
SO.H, amino, nitro, carboxyl, phosphoryl, phosphonyl, and
0X0, or an 10n thereof, provided that two of R, -R for formula
(A) are oxo, two or four of R, -R, for formula (B) are oxo, and
two, four, or six of R,-R,, for formulas (C) and (D) are oxo,
wherein the dashed lines indicate that the monocylic ring of
tormula (A), the bicyclic ring of formula (B), and the tricyclic
rings of formulas (C) and (D) are fully conjugated. Typically
at least one of the R groups that1s not oxo for each of formulas
(A)-(D) 1s not H. In certain embodiments, none of the R

groups for formulas (A)-(D) are H. Other formulas are (I),
(II), and (III):

(D
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-continued

R,
Re A O
R N 0
R,
Re 0 R,
R, R,
R¢ R3
R O R,

wherein each of R | -R 1s independently selected from H, C, _,
alkyl (e.g., methyl, ethyl, propyl, or 1sopropyl), halo (e.g., F
Cl, or Br), hydroxy, C, < alkoxy (e.g., methoxy), and SO,H,

or an 10n thereof. Typically, at least one of R,—R, (R,—R,

for (I) and (II)) 1s not H. In other embodiments, none of
R,—R4 (R;—R, for (I) and (1I)) 1s H.

[0064] Additional quinones are of any of the following

formulas.
Ry
\/Rz \)\I
S 7T N 0
RJ \q
R>
Rj
\)H/RI \)\:\E
% /\( .
R
)\;(O
Rg/ O

(1)

(I1T)

O

\

\

4

\

4

R, \i / R
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-continued
0 R,
R, p 0O
R, N 0O
O R,
O
Rjr \ ‘ \ ‘ \ RE
S P
O

Rg

R,

R>

X X

J\\
/\Cﬂ)/ F

l l l R,

O

R¢

Entry Name

1

disulfonic acid

disulfonic acid

disulfonic acid
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. -continued & | R
N 2N
7 y
Rs O o
O R O R;
RT\/\)J\ N /\)J\)\
AL A
0 o
o w
A
w \\/
T

[0065] Specific examples of quinones are as follows:
[0066] Additional quinones are 1n the following Table 3:

Diagram
9,10-anthraquinone-2,7- 0
HO;S N N _SosH
\ |
F F
O
9,10-anthraquinone-2,6- 0
PN N _SosH
\ |
HO3S/ ~NF =
O
9,10-anthraquinone-1,8- HO;S 0 SO;H

)~

{
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-continued
Entry Name Diagram
4 9,10-anthraquinone-1,5- O SOzH
disulfonic acid
AN X
ra P
HO3S O

5 9,10-anthraquinone-2-
sulfonic acid

6 9,10-anthraquinone-2,3-
dimethanesulfonic acid

7 1,8-dihydroxy-9,10-anthraquinone-
2, 7-disulfonic acid

& 1,5-dihydroxy-9,10-anthraquinone-
2,6-disulfonic acid

9 1.4-dihydroxy-9,10-anthraquinone-
2-sulfonic acid

10 1,3 4-trihydroxy-9,10-anthraquinone-
2-sulfonic acid

HO;S

HO;S

O
O OH
A )k )\ _SOH
A
OH O
O OH

/

\

)

. ~ D

<

/
é\ /%

SO;H

SO;H

SO,H

OH

: i i SO;H

SO;H

\

/

OH

SO;H
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-continued
Entry Name Diagram
11 1,2-naphthoquinone-4- O
sulfonic acid
O
‘/.\
\/ Vs
SOzH
12 1.,4-naphthoquinone-2- O

sulfonic acid
- SOzH

)

<
<

O
13 2-chloro-1,4-naphthoquinone-3- O
sulfonic acid
/\ SOzH
\ \
A o
O

14 2-bromo-1.,4-naphthoquinone-

O
3-sulfonic acid
SOzH
X
/ Br
O

[0067] Yet turther quinones are the 1n Table 4: -continued

O R

—— Rg I
RS I Rl )\)k)\
HO3S SOBH
HO;S SO;H \‘ X ‘ Xy
P
Rs

&/\KYY\M
Rg R3

O Ry
Rs O Ry
—OH
—OH ID  substituted R, R; R, R Rg Rg
ID substituted R R; R, R R Rg - o - o . . o
1 Non- H H H H H H 18 Tr1- OH H OH OH H H
2 OH H H H H H 19 OH H OH H OH H
3 Mono- H OH H H H H 20 OH H OH H H OH
4 H H OH H H H 21 OH H H OH OH H
5 OH OH H H H H 22 H OH OH OH H H
6 OH H OH H H H 23 H OH OH H OH H
7 OH H H OH H H 24 OH OH OH OH H H
R OH H H H OH H 25 OH OH OH H OH H
9 Di- OH H H H H OH 26 OH OH OH H H OH
10 H OH OH H H H 27 OH OH H OH OH H
11 H OH H OH H H 28 Tetra- OH OH H OH H OH
12 H OH H H OH H 29 OH OH H H OH OH
13 H H OH OH H H 30 OH H OH OH OH H
14 OH OH OH H H H 31 OH H OH OH H OH
15 OH OH H OH H H 32 H OH OH OH OH H
16 OH OH H H OH H 33 OH OH OH OH OH H
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-continued
Rg 0 R,
HOgS SOBH
R% Rj3
Rs O R4
—QOH

ID substituted R, R, R, Rs Rg Rg
34 Penta- OH OH OH OH H OH
35 OH OH OH H OH OH
36 Hexa- OH OH OH OH OH OH

(Quinones or hydroquinones may be present in a mixture. For
example, a mixture of sulfonated quinones can be produced
by reacting sulfuric acid with an anthraquinone, e.g., 9,10-
anthraquinone.

[0068] Quinones may be dissolved or suspended 1n aque-
ous solution 1n the batteries. The concentration of the quinone
ranges, for example, from 3 M to liquid quinone, e.g., 3-15 M.
In addition to water, solutions may include alcohols (e.g.,
methyl, ethyl, or propyl) and other co-solvents to increase the
solubility of a particular quinone. In some embodiments, the
solution of quinone 1s at least 10%, 20%, 30%, 40%, 50%,
60%, 70%, or 80% water, by mass. Alcohol or other co-
solvents may be present in an amount required to result 1n a
particular concentration ol quinone. The pH of the aqueous
solution for a quinone may also be adjusted by addition of

acid or base, e.g., to aid 1n solubilizing a quinone.

A Quinone Flow Battery

[0069] This cell 1s based on a quinone/hydroquinone
couple with low redox potential (an example of which 1is
shown 1n FIG. 2) vs. redox active species, e.g., the bromide/
bromine couple. Other redox active species include chlorine,
10odine, oxygen, vanadium, chromium, cobalt, 1ron, manga-
nese, cobalt, nickel, copper, or lead, e.g., a manganese oxide,
a cobalt oxide or a lead oxide. If the quinone redox potential
1s —0.02 V, then the equilibrium potential will be about 1.1V,
varying with concentration according to the Nernst Equation.
Examples of quinone/hydroquinone couples with a low redox
potential include 2-Methyl-5-1s0-propyl-1,4-benzoquinone
or 2,6-Methoxyl-1,4-benzoquinone (FIG. 1(d)).

[0070] A high-potency low-cost chlorine/chloride and bro-
mine/bromide electrocatalyst 1s known [30], and a powertul
chlorine/chloride cell has been developed [9,31]. While the
use of bromine 1s advantageous 1n many systems, use in a
manned environment, such as the home, 1s limited based on
toxicity concerns; therefore bromine-based systems are best
focused on industrial and some commercial applications.
Nevertheless, the toxicity 1s not so high, and 1ts sate handling
not so difficult, so as to prevent its commercialization in
zinc-bromine batteries.

An all-Quinone/Hydroquinone Flow Battery.

[0071] This cell 1s based on the quinone/hydroquinone
couple with high redox potential vs. quinone/hydroquinone
with low redox potential. An all-quinone cell brings many
advantages. Many of the structural components could be
made of cheap plastic. The molecules are big enough that the
separator 1s expected to be much cheaper than Nafion [32-34],
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and reactant crossover will still be negligible. The electrodes
can be 1nexpensive conductors such as titanium [35] or glassy
carbon, conformally coated with layer of active material so
thin as to be negligible in cost. Engineering for two-phase
flow will be unnecessary. Chemical storage can be in the form
of flowing liquids requiring neither compression nor heating
above the boiling point of water.

Electrode Materials

[0072] Flectrode materials can be screened for good mol-
ecule-specific electrode kinetics. Although evidence 1ndi-
cates that quinone/hydroquinone catalysis 1s not a significant
barrier, some electrode materials are expected to become
deactivated due to the chemisorption of molecules or frag-
ments, or the polymerization of reactants. Electrodes for use
with a quinone or hydroquinone include any carbon elec-
trode, e.g., carbon paper electrodes, carbon felt electrodes, or
carbon nanotube electrodes. Electrodes suitable for other
redox active species are known 1n the art.

Fabrication of Full Cell

[0073] The fabrication of full cells requires the selection of
approprate electrodes. Bromine and quinone electrodes can
be made of a high specific surface area conducting material,
such as nanoporous metal sponge [35], which has synthesized
previously by electrochemical dealloying [36], or conducting
metal oxide, which has been synthesized by wet chemical
methods and shown to be good for bromine [9,30]. Chemical
vapor deposition can be used for conformal coatings of com-

plex 3D electrode geometries by ultra-thin electrocatalyst
f1lms.

Fabrication of Testing Hardware and Cell Testing

[0074] The balance of system around the cell will include
fluid handling and storage, and voltage and round-trip energy
elficiency measurements can be made. Systems instrumented
for measurement of catholyte and anolyte flows and pH,
pressure, temperature, current density and cell voltage may be
included and used to evaluate cells. Testing can be performed
as reactant and acid concentrations and the cell temperature
are varied. In one series of tests, the current density 1s mea-
sured at which the voltage efficiency drops to 90%. In another,
the round-trip efficiency 1s evaluated by charging and dis-
charging the same number of amp-minutes while tracking the
voltage 1 order to determine the energy conversion effi-
ciency. This 1s done iitially at low current density, and the
current density 1s then systematically increased until the
round-trip efficiency drops below 80%. Fluids sample port
can be provided to permit sampling of both electrolytes,
which will allow for the evaluation of parasitic losses due to
reactant crossover or side reactions. Electrolytes can be
sampled and analyzed with Inductively Coupled Plasma
Mass Spectrometry, and other standard techniques.

Ion Conducting Barriers

[0075] The 10n conducting barrier allows the passage of
protons but not a significant amount of the quinone, hydro-
quinone, or other redox active species. Example 1on conduct-
ing barriers are Nafion, 1.e., sulfonated tetratluoroethylene
based fluoropolymer-copolymer, hydrocarbons, e.g., poly-
cthylene, and size exclusion barriers, e.g., ultrafiltration or
dialysis membranes with a molecular weight cut off of 100,
250, 500, or 1,000 Da. For size exclusion membranes, the
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molecular weight cut off will be determined based on the
molecular weight of the quinone, hydroquinone, or other
redox active species employed.

Additional Components

[0076] A battery of the invention may include additional
components as 1s known in the art. Quinones, hydroquinones,
and other redox active species dissolved or suspended 1n
aqueous solution will be housed 1n a suitable reservoir. A
battery may further include pumps to pump aqueous solutions
or suspensions past one or both electrodes. Alternatively, the
clectrodes may be placed 1n a reservoir that is stirred or 1n
which the solution or suspension 1s recirculated by any other
method, e.g., convection, sonication, etc. Batteries may also
include graphite tlow plates and aluminum current collectors.

EXAMPLES

Example 1

[0077] 1 molal 1,2-ortho-benzohydroquinone (catechol)
was oxidized in 1 N H,SO, at a flat Pt electrode, obtaining the
cyclic voltammetry curves shown in FIG. 3a. The sweep
starts at (0.2 V, 0 mA/cm®) and proceeds at 25 mV/s to the
right. At about 600 mV vs. Ag/AgCl (the known E° is 795 mV
vs. SHE), the current density increases as catechol 1s oxidized
to the orthoquinone form. The oxidative current density peaks
at about 150 mA/cm?. The peak and downturn are caused by
reactant depletion 1n a quiescent (non-tlowing, non-stirred)
clectrolyte. In a test at a higher concentration of 3.9 molal
(FIG. 3b), we observe asymmetric oxidation and reduction
peaks, achieving current densities above 500 mA/cm” for the
former. The asymmetric shape of the curve 1n FIG. 3b arises
because the quinone form 1s unstable 1n aqueous solution. In
addition the limited solubility of ortho-benzoquinone (0.06
M) compared to its reduced form precludes symmetric behav-
ior at high concentration.

Example 2

[0078] The half-cell redox behavior of hydroquinone-2-
sulfonic acid (HQSA) 1s shown in FIG. 4. AtapH of 7 arise
in current density was observed beginming near 0.5 V and
peaking at higher voltage. Upon reversing the direction of the
voltage sweep, negative current (indicating a reduction event)
was observed near 0.3 V. The large difference between where
the oxidation and reduction currents are observed indicates a
chemical process was likely occurring. In this case, upon
oxidation of HQSA to the quinone form, water reacted with
the quinone to form a new species. This species was reduced
at the lower 0.3 V potential. At a pH of 13, the reaction
became rapid and reversible because 1n basic solution the
—OH groups on HQSA became deprotonated. The positive
and negative current density observed near OV was indicative
of a 2-electron redox event with no protons having been
exchanged.

Example 3

[0079] AQDS was subjected to half-cell electrochemical
measurements. Cyclic voltammetry of a 1 mM solution of
AQDS 1n 1 M sulturic acid on a glassy carbon disc working,
clectrode showed current peaks corresponding to reduction
and oxidation of the anthraquinone species (FIG. 3a).
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[0080] The peak separation of 34 mV was close to the 59
mV/n, where n was the number of electrons involved,
expected for a two-electron process.

Example 4

[0081] The glassy carbon disk 1n Example 3 was rotated at
a variety of rates yields mass-transport limited currents from
which the AQDS diffusion coefficient (D=3.8(1)x107° c¢m?
1) (compare D in [38]) and kinetic reduction rate constant
could be determined (FIGS. 5b, 6, 7, and 8). Kinetic data
showed the rate constant for AQDS reduction on glassy car-
bon to be k,=7.2(5)x107> cm s, which exceeded the rate
constant on Au [39]. This rate constant was faster than that
found for many other species used in flow cells such as
V>*/V=* Br,/Br~, and S,%/S.,*” (see Table 2 in [40]). The
clectrochemical reversibility of the two-electron redox reac-
tion was confirmed by the slope of the Tafel plot (FIG. 8),
which gave the transfer coelficient 0=0.474, which 1s close to
the value of 0.5 expected for an 1deally reversible reaction.

Example 5

[0082] To further understand the AQDS redox behavior, we
generated a Pourbaix diagram (FIG. 3¢) of the equilibrium
potential of the AQDS redox couple vs. pH. Aqueous 1 mM
solutions of AQDS disodium salt were prepared and pH buil-
ered using the following chemicals: sulfuric acid (1 M, pH 0),
HSO, /SO, (0.1 M, pH 1-2), AcOH/AcO™ (0.1 M, pH 2.65-
3), EZZPO4‘/HPO42‘ (0.1 M, pH 5.3-8), HPO42‘/PO43‘ (0.1
M, pH 9.28-11.52), and KOH (0.1 M, pH 13). The pH of each
solution was adjusted with 1 M H,SO, or 0.1 M KOH solu-
tions. In acidic solutions (pH<7), the 59 mV/pH slope indi-
cated that a two-electron, two-proton process occurs ([39]). In
more basic conditions (7<pH<11), a two-electron, one-pro-
ton process occurred, giving a 30 mV/pH slope. The potential
became pH-independent at values greater than 11, which
indicated a two-electron, zero-proton process. These results
indicated that AQDS performed reversible two-electron
redox chemistry in a pH range of 0 to 14, and the protonation
state of the reduction product dihydro-AQDS, which yielded
approximate pK_values of 7 and 11.

Example 6

[0083] A solution of anthraquinone was heated 1n concen-
trated sulfuric acid or a solution of 30% SO, 1n concentrated
sulfuric acid (oleum), resulting 1n a mixture of sulfonated
anthraquinones as previously described [37]. This crude mix-
ture was allowed to cool to room temperature and was diluted
with 1 M sulfuric acid to give a solution of 1 mM sulfonated
anthraquinone. This solution was subjected to half-cell mea-
surements that demonstrate that the behavior of the mixture of
sulfonated anthraquinones was nearly 1dentical to the pure
9,10-anthraquinone-2,7-disulfomic  acid 1illustrated 1n
Example 3, as shown 1n FIG. 9.

Example 7

[0084] A solution of 1,8-dihydroxy-9,10-anthraquinone
was heated 1n concentrated sultfuric acid and a yellow solid
was 1solated after addition of NaCl, which contained 1,8-
dihydroxy-9,10-anthraquinone-2,7-disulifonic acid disodium
salt (1,8-(OH),-AQDS) 1n>95% purity. A solution consisting,
of 1 mM 1,8-(OH),-AQDS in 1 M H,SO, was subjected to
half-cell measurements under similar conditions to Example

3. The traces of 1,8-(OH),-AQDS and AQDS are shown 1n
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FIG. 10, and 1llustrate that the peak potentials of AQDS were
shifted by nearly 100 mV by the addition of —OH groups to
the AQDS backbone.

Example 8

[0085] A quinone-hydrogen fuel cell 1s illustrated by sche-
matic in FIG. 11a. 1,4-benzoquinone was used as the positive
clectrode material and H, gas as the negative material for fuel
cell tests. We operated the cell 1n discharge mode, with the
p-benzoquinone/p-hydroquinone mixture recirculated past
the quinone electrode on the positive side, and H, flowing past
the hydrogen electrode. The Nafion membrane conducted H”
ions towards the cathode. The cell reached current densities of
about 150 mA/cm* and power densities of about 35 mW/cm?,
which were higher than values previously reported using
soluble quinones for the positive electrode 1n a tull cell con-
figuration [26]. We used a tuel cell test bench constructed by
Sustainable Innovations, LLC, and modified 1n our lab [9].

FIG. 115 shows an image of the cell used. The cell featured
aluminum endplates, pyrolytic graphite current collectors
with serpentine flow channels, a 50 um thick Nafion 212
proton exchange membrane (which prior to use was pre-
treated using methods previously described [9]), and PTFE/
Viton tubing and gasketing throughout. On both sides of the
cell, a commercial Pt—Ru/C carbon paper commercial elec-
trode was used. The cell was operated 1n galvanic mode using,
previously described methods [ 9], with high-purity hydrogen
gas flowed through the negative side of the cell at 5 psig and
quinone solution flowed through the positive side using a
Cole Parmer Mastertlex pump. The solution consisted of
para-benzoquinone 1 1 N H,SO,. Belore each set of mea-
surements, an N, purge was performed to remove any remain-
ing O, and to ensure there were no leaks in the assembly. After
reactant introduction to the cell, the voltage was allowed to
stabilize for a few minutes, after which a DC electronic load
was used to draw incrementally higher currents from the cell.
In general, 1n order to allow the voltage to stabilize, we waited
about 15 seconds after each change in current. In FI1G. 11¢, we
show the cell potential versus current density for tests done
using a 0.1 M solution. In general, we observed a nearly linear
drop 1n potential with increasing current density indicating
robust electrode kinetics for the redox reaction, 1.e. relatively
low activation overpotentials. In FIG. 11d, we show the cell
power density as a function of galvanic current density. The
power density fell off rapidly near the limiting current den-

s1ty.

Example 9

[0086] Solutions of 9,10-anthraquinone-2,7-disulfonic
acid disodium salt and HBrin 1 M sulfuric acid were pumped
through a flow cell as outlined 1n FIG. 12. Circular endplates
were machined out of solid aluminum. 3 1n.x3 1n. pyrolytic
graphite blocks with single-serpentine tlow channels (chan-
nel width=0.0625 1n., channel depth=0.08 1n., landing
between channels=0.031 in., Fuel Cell Technologies, Inc.)
were used as current collectors. Pretreated 2 cm?®, double-
stacked Toray carbon paper electrodes (each of which 1s about
7.5 um uncompressed) were used on both sides of the cell.
Pretreatment consisted of a 10 min. sonication in 1sopropyl
alcohol followed by a 30 min. immersion in hot (80° C.) 6 M
sulfuric acid and then a 4 hr. heat treatment 1n an air furnace
at 400° C. Nafion® 212 (50 um thick) was used as a proton-

exchange membrane (PEM, Alfa Aesar), and PI'FE gasketing
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was used to seal the cell assembly. Membrane pretreatment
was done according to previously published protocols [9]. Six
bolts (34"-16) torqued to 10.2 Nm completed the cell assem-
bly, and PTFE tubing was used to transport reactants and
products 1nto and out of the cell. The cell was kept on a hot
plate and wrapped 1n a PID-controlled heating element for
temperature control, and the liquid electrolyte reservoirs were
heated to improve thermal management. On the positive side
ofthe cell,35 mL of 1.75M HBrand 0.9375 M NaHSO_, were
used as the electrolyte solution. On the negative side, 0.75 M
2,7-AQDS disodium salt in 1 M H,SO, were used. These
concentrations were used so that, at a 50% state of charge, no
pH or total 1on concentration gradients exist across the mem-
brane. Measurements shown here were done at 50° C. A
Mastertlex® peristaltic pump was used to circulate the fluids.
A CHInstruments 1100C potentiostat was used to measure
clectrochemical properties of the battery. A potential of 1.5
volts was applied to charge the cell. The potential-current
response (FIG. 14a), potential-power (FIG. 145), and open
circuit potential (FIG. 15) for various states of charge (SOCs)
were measured. As the SOC increased from 20% to 90%, the
open circuit potential increased linearly from 0.76 V at 0.98 V.
In the galvanic direction, peak power densities were 77 mW
cm™ and 168 mW cm™ at these same SOCs, respectively
(F1G. 145b). In order to avoid significant water splitting 1n the
clectrolytic direction, we used a cut-off voltage of 1.5V, at
which point the current densities observed at 20% and 90%
SOCs were —-630 mA cm™~ and -196 mA cm™7, respectively,
with corresponding power densities of =939 mW cm™ and
—291 mW cm™>. As an investigation of the reproducibility and
durability of the QBFB, the voltage was cycled £0.6 V away
from the open circuit potential (0.85 V @ 50% SOC) one
hundred times for one minute each. The current density at the
end of each cycle (FIG. 15, inset) was constant over the time
scale of the experiment, and indicated that there were no
immediate degradation, fouling, or crossover issues in the
cell.

Example 10

[0087] Performance characteristics of a quinone-bromine
flow battery were measured under identical conditions to
Example 9, except for the following: A 0.1 M solution of
9,10-anthraquinone-2,7-disulfonic acid in 1 M sulfuric acid
was used for the negative electrolyte solution; 0.2 M HBrin 1
M sulturic acid was used as the positive electrolyte solution;
Interdigitated flow channels (channel width=0.0625 1in.,
channel depth=0.08 in., landing between channels=0.031 1n.,
Fuel Cell Technologies, Inc.) were used as current collectors;
Pretreated 2 cm?, stacked (6x) Toray carbon paper electrodes
(each of which 1s about 7.5 um uncompressed) were used on
both sides of the cell—pretreatment consisted of a 10 minute
sonication 1 1sopropyl alcohol followed by a five hour soak 1n
a hot (50° C.) mixture of undiluted sulfuric and nitric acids 1n
a 3:1 volumetric ratio. Constant-current cycling data were
collected at 0.2 A cm™>. The Cycles were highly reproducible
and 1ndicate that columbic efficiencies for the battery were, at
a minimum, around 95% (FIG. 13d).

Example 11

[0088] Performance characteristics of a quinone-bromine

flow battery were measured under identical conditions to
Example 10, except for the following: 120 mL of 2 M HBr
and 0.5 M Br, were used as the positive electrolyte solution;
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1 M 2,77-AQDS mm 2 M H,SO, was used as the negative
clectrolyte solution. As the SOC increased from 10% to 90%,
the open circuit potential increased linearly from 0.69 V to
0.92V (FIG. 134, inset). In the galvanic direction, peak power
densities were 0.246 W cm ™~ and 0.600 W cm ™~ at these same
SOCs, respectively (FIG. 135). In order to avoid significant
water splitting 1n the electrolytic direction, we used a cut-oif
voltage of 1.5V, at which point the current densities observed
at 10% and 90% SOCs were =2.25 A cm™~ and -0.95 A cm ™2,
respectively, with corresponding power densities of —3.342
W cem™ and -1.414 W cm?. The cell was cycled at 500 mA
cm™>, and the voltage was recorded (FIG. 16). This showed a
coulombic efficiency of over 93% and no loss in charge
capacity over the course of 10 cycles and 100 hours.

Example 12

[0089] 50 mg of 9,10-anthraquinone-2,7-disulfonic acid
was dissolved 1n 0.4 mL of D,O was treated with 100 puLL of

Br,. The "H and °C NMR spectra (FIGS. 17 and 18, a and b)
were unchanged from the starting material after standing for
20 hours at 25° C. 30 mg of AQDS was then treated with 1 mL

Entry Name

1  9,10-anthraquinone-
2, 7-disulfonic acid

2 9,10-anthraquinone-
2,6-disulfonic acid

3 9,10-anthraquinone-
1,8-disulfonic acid

4 9,10-anthraquinone-
1,5-disulfonic acid

HO;3S

HO3S
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of concentrated HBr and 100 ulL of Br,. The reaction was
heated to 100° C. for 48 h and evaporated to dryness at that
temperature. The resulting solid was fully dissolved 1n D,O
giving unchanged 'H and '°C NMR (FIGS. 17 and 18, ¢);
however, the '"H NMR reference was shifted due to residual
acid. 9,10-anthraquinone-2,7-disulionic acid demonstrated
no reaction with 2 M HBr and bromine when heated to 100°
C. for two days (FIGS. 17 and 18), meaning that bromine
crossover will not lead to 1rreversible destruction of AQDS.

Example 13

[0090] 1 mM solutions of the quinones listed in the follow-
ing table were prepared in 1 M sulfuric acid solution. The pH
of the solutions was 0. Half-cell electrochemical data were
recorded using a working electrode consisting of a flat 3 mm
diameter disk of glassy carbon, a coiled platinum wire as a
counter electrode, and a Ag/AgCl reference electrode. Cyclic
voltammograms were recorded using sweep rates o1 25 mV/s.
The E° was measured for each quinone by taking the average
voltage value of the anodic and cathodic current density peaks
and adding 0.210V to convert form the Ag/AgCl reference to
the standard hydrogen electrode (SHE).

Standard Reduction Potential
E® in Volts vs. the standard

Diagram hydrogen electrode (SHE)

O 0.213
\)-I\ NS0
\ /\[(‘ P
O
O 0.212
\)I\/\/Sog}l
\ /Y\\/
O
HO3S O SO3H 0.182
\)I\ X
\ /\[(‘ P
O
O SO3H 0.223
X
F

HO;S O
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-continued
Entry Name Diagram
5 9,10-anthraquinone- O
2-sulfonic acid
SO3H
AN
/
O
6 9,10-anthraquinone- O SOz H
2,3-dimethanesulfonic
acid
X
/
O SO3H
7 1,8-dihydroxy-9,10- OH O OH
anthraquinone-2,7- )k
disulfonic acid HO3S SO3zH
F \I_( F
O
& 1,5-dihydroxy-9,10- O OH
anthraquinone-2,6- )I\
disulfonic acid SOzH
‘/.\ ‘ \ / 3
HO3S/ YYV
OH O
9 1.4-dihydroxy-9,10- O OH
anthraquinone-2-
sulfonic acid SOz H
X
/
O OH
10 1,3, 4-trithydroxy-9,10- O OH
anthraquinone-2-
sulfonic acid SOz H
X
Z o
O OH
11 1,2-naphthoquinone- O
O

4-sultfonic acid
XX
/

SO;H

Standard Reduction Potential
EY in Volts vs. the standard

hydrogen electrode (SHE)

0.171

0.114

0.118

0.116

0.094

0.088

0.423
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-continued
Entry Name Diagram
12 1,4-naphthoquinone- O
2-sulfonic acid
N SOzH
O
13 2-chloro-1,4- O

naphthoquinone-

;

3-sulfonic acid ‘ AN ‘ SOszH
at
O
14 2-bromo-1,4- O
naphthoquinone-
3-sulfonic acid N SO3zH
= Br
O
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1. A rechargeable battery comprising first and second elec-
trodes, wherein 1n 1ts charged state, the battery comprises a
redox active species 1 contact with the first electrode and a
hydroquinone dissolved or suspended 1n aqueous solution in
contact with the second electrode, wherein during discharge
the redox active species 1s reduced and the hydroquinone 1s
ox1idized to a quinone.

2. The rechargeable battery of claim 1, wherein the redox
active species 1s dissolved or suspended 1n aqueous solution.

3. The rechargeable battery of claim 1, wherein the redox
active species 1in contact with the first electrode comprises
chlorine, bromine, 10dine, oxygen, vanadium, chromium,
cobalt, 1ron, manganese, cobalt, nickel, copper, or lead.

4. The rechargeable battery of claim 1, wherein the redox
active species 1in contact with the first electrode comprises
bromine.

5. The rechargeable battery of claim 3, wherein the redox
active species 1n contact with the first electrode comprises a
manganese oxide, a cobalt oxide or a lead oxide.

6. The rechargeable battery of any of claims 1-5, wherein
the hydroquinone and quinone in contact with the second
clectrode have a standard electrochemical potential below 0.4
volts with respect to a standard hydrogen electrode.

7. The rechargeable battery of claim 6, wherein the quinone
1s a water-soluble anthraquinone.
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8. The rechargeable battery of claim 7, wherein the water-
soluble anthraquinone comprises one or more sulfonate
groups.

9. The rechargeable battery of claim 8, wherein the
anthraquinone 1s 9,10-anthraquinone-2,7-disulifonate.

10. The rechargeable battery of any of claims 6-9, wherein
first and second electrodes are separated by an 1on conducting
barrier, and the redox active species comprises bromine.

11. The rechargeable battery of claim 1, wherein the redox
active species 1s a second quinone dissolved or suspended 1n
aqueous solution.

12. The rechargeable battery of claim 11, wherein the first
clectrode 1s separated from the second electrode by a barrier
that inhibits the passage of the redox-active species and the
hydroquinone.

13. The rechargeable battery of claim 12, wherein the bar-
rier 1s a size exclusion barrier.

14. A rechargeable battery comprising first and second
clectrodes separated by an 10on conducting hydrocarbon bar-
rier or size-exclusion barrier, wherein 1n its charged state, the
battery comprises a quinone at the first electrode and a hyd-
roquinone at the second electrode, wherein during discharge,
the quinone 1s reduced, and the hydroquinone 1s oxidized.

15. The rechargeable battery of any of claims 1-5 and

11-14, wherein the quinone or hydroquinone in oxidized form
1s of formula (A)-(D):

(A)
R
Rs R,
R_4 RZ:
Rj3
(B)
Rg R
R- R,
R 6 R3 "
Rs R4
(C)
Rg R g R
Rg R,
R? R3 :
R Rs Ry
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-continued

(D)

wherein each of R,-R,, 1s independently selected from H,
optionally substituted C,_, alkyl, halo, hydroxy, optionally
substituted C, _, alkoxy, SO,H, amino, nitro, carboxyl, phos-
phoryl, phosphonyl, and oxo, or an 10n thereot, provided that
two of R, -R for formula (A) are oxo, two or four of R, -R for
formula (B) are oxo, and two, four, or six of R;-R,, for
tormulas (C) and (D) are oxo, wherein the dashed lines indi-
cate that the monocylic ring of formula (A), the bicyclic ring
of formula (B), and the tricyclic rings of formulas (C) and (D)
are fTully conjugated.

16. The rechargeable battery of any of claims 1-5 and

11-14, wherein the quinone or hydroquinone 1n oxidized form
1s of formula (I)-(IX):

(D
O

R“\)J\/Rl
]

Ra*/\I'(\Rzp

O
(1)
O
R O
RZ R4 .
R3
(11I)
Rg O R
R~ R,
R6 R3 .
Rs QO R4
(IV)
R~ Rg O
R R
RS \ \ \ RZ:
R4 R3 Q
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-continued
(V)
R- Rq O
R¢ O
AN
R5/ N D™ P R,
R4 Rj3 R
(VI)
0 R,
Rg R,
RS R3:
O Ry
(VII)
O R
0O R,
Rg Rz
Rs R4

wherein each of R,-R; 1s independently selected trom H,
optionally substituted C,_, alkyl, halo, hydroxy, optionally
substituted C, _. alkoxy, SO,H, amino, nitro, carboxyl, phos-
phoryl, phosphonyl, and oxo, or an 10n thereof.

17. The rechargeable battery of any of claims 1-5 and
11-14, wherein the quinone or hydroquinone 1in oxidized form
1S:

2

3

3

wraquinone-1,8-¢
wraquinone-1,5-c

,10-anthraquinone-2,7-disulfonic acid,
10-anthraquinone-2,6-disulfonic acid,
10-ant]
10-ant]

1sulfonic acid,
1sulfonic acid,

,10-ant]

1raquinone-2-sulfonic acid,

O NO O \O \O \D

,10-anthraquinone-2,3-dimethanesulionic acid,
1,8-dihydroxy-9,10-anthraquinone-2,7-disulfonic acid,
1,5-dihydroxy-9,10-anthraquinone-2,6-disulfonic acid,
1,4-dihydroxy-9,10-anthraquinone-2-sulfonic acid,
1,3,4-trihydroxy-9,10-anthraquinone-2-sulfonic acid,
1,2-naphthoquinone-4-sulfonic acid,
1,4-naphthoquinone-2-sulfonic acid,
2-chloro-1,4-naphthoquinone-3-sulfonic acid,
2-bromo-1,4-naphthoquinone-3-sulfonic acid, or a mix-

ture thereof.

18. The rechargeable battery of claim 17, wherein the
quinone or hydroquinone in oxidized form 1s:

9,10-anthraquinone-2,7-disulfonic acid,
9,10-anthraquinone-2,6-disulfonic acid,
9,10-anthraquinone-1,8-disulfonic acid,
9,10-anthraquinone-1,3-disulfonic acid, 9,10-an-

thraquinone-2-sulfonic acid, or a mixture thereof.

19. The rechargeable battery of any of claims 1-5 and
11-14, wherein the quinone or hydroquinone 1in oxidized form
1S:

2-hydroxy-1,4-naphthoquinone-3-sulfonic acid,

1,2,4-trihydroxybenzene-3-sulfonic acid,

2.,4,5-trihydroxybenzene-1,3-disulionic acid

2,3, 5-trihydroxybenzene-1,4-disulionic acid,

2.4,5,6-tetrahydroxybenzene-1,3-disulfonic acid,




US 2015/0243991 Al Aug. 27, 2015
19

2,3, 5-trihydroxybenzene-1,4-disulfonic acid,
2,3,5,6-tetrahydroxybenzene-1,4-disulfonic acid, or a
mixture thereof.
20. The rechargeable battery of any of claims 1-19, further
comprising a reservolr for quinone and/or hydroquinone dis-
solved or suspended 1n aqueous solution and a mechanism to

circulate quinone and/or hydroquinone.

¥ ¥ # ¥ ¥
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