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(57) Abstract: An improved lead acid battery (LAB) battery may provide high charge acceptance and may be suitable for a wide
range of applications, including a variety of new applications. The new battery can sustain 67% of the maximum capacity even at a
very high charging rate of IOC. This battery may decrease the use of lead in comparison to prior lead acid battery designs by up to
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TITLE
LEAD-ACID BATTERIES WITH FAST CHARGE ACCEPTANCE

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No. 62/165,377
filed on May 22, 2015, which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention relates to lead acid batteries (LABs). More particularly, to LABs with
improved electrodes and charge acceptance.

BACKGROUND OF INVENTION

[0003] The lead acid battery (LAB) industry represents more than $30B in annual sales globally.
A common arrangement for LABs is to utilize lead oxide (PbO,) as a cathode, lead as an anode,
and 2-8 M sulfuric acid as the electrolyte. Some features of LABs are: high discharge power,
excellent high and low temperature operation, ultra-safe, and excellent existing recycling
programs that are highly economical. However, LABs may utilize heavy metals that are or may
become banned in the future due to toxicity and/or environmental concerns. For example, Europe
threatens to extend the ban on heavy metals to lead acid batteries, including those used for
vehicles. Further, in some applications, higher charge acceptance than current LABs provide
may be desirable. For example, micro hybrid and stop/start technologies require higher charge
acceptance that current lead acid battery technology cannot provide.

[0004] The charge acceptance problem in LABs is related to the negative electrode. As an
example, the mechanism of LABs may include PbSO,4 forming large crystals on the negative
electrode. This leads to a sulfated negative electrode or a negative electrode that is at a lower

state-of-charge than the positive. This failure mechanism is common in start-stop vehicles. Under
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the high-rate partial state-of-charge conditions that are required by mild/full hybrid electric
vehicles, the lead electrode is known to suffer premature capacity loss due to aggressive sulfation
at the electrode surface. The use of additives with high surface area alleviates this problem but
does not eliminate it. This leads to a sulfated negative electrode or a negative electrode that is at
a lower state-of-charge than the positive. This failure mechanism is common in start-stop
vehicles.

[0005] Lead-carbon (PbC) batteries and UltraBattery® have been developed by several
companies to address this challenge, which substitute activated carbon for the lead anode.
Charge/discharge cycle testing of these batteries at 1C further confirmed that a standard positive
electrode in an LAB could be charged and discharged at high rate. However, the negative electric
double-layer capacitor-type electrode in the PbC battery had very low capacity and a capacitive
voltage profile (i.e. sloping). Further, these batteries required a complicated negative electrode

design that resulted in high resistance preventing adequate current for cold starting of vehicles.
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SUMMARY OF INVENTION

[0006] A lead-organic (PbOrg) battery is discussed herein, which refers to a lead-acid battery
that utilizes at least one organic material as an electrode. In one embodiment, a PbOrg battery
may provide ten or more times higher charge acceptance than other lead-acid batteries. The
PbOrg battery may provide positive and negative electrodes in an electrolyte. The PbOrg battery
may provide an electrode formed with one or more organic materials, such as, but not limited to,
organic compounds comprising cyclic substructures with hydroxyl and/or carbonyl groups. The
cyclic substructures may be a carbocycle, heterocycle, or aromatic. In some embodiments, the
organic compound may be a molecule. In some embodiments, the organic compound may be a
coordination polymer. In some embodiments, the organic compound may be a polymer. In some
embodiments, the PbOrg battery may decrease the use of lead in comparison to prior lead acid
battery designs by 50% or more.

[0007] The foregoing has outlined rather broadly various features of the present disclosure in
order that the detailed description that follows may be better understood. Additional features and

advantages of the disclosure will be described hereinafter.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the present disclosure, and the advantages thereof,
reference is now made to the following descriptions to be taken in conjunction with the
accompanying drawings describing specific embodiments of the disclosure, wherein:

[0009] FIG. 1 illustrates an arrangement for a PbOrg battery;

[0010] FIG. 2 shows the structure of the reduced form of organic materials that can be used as
the electrode materials for the disclosed PbOrg battery;

[0011] FIG. 3 shows the structure of the oxidized form of organic materials that can be used as
the electrode materials for the disclosed PbOrg battery;

[0012] FIG. 4 shows the structure of organic polymers that can be used as the electrode materials
for lead-polymer batteries;

[0013] FIG. 5 shows the reductive protonation mechanism in the reversible electrochemical
reduction of an organic molecule;

[0014] FIG. 6 shows the voltage profile of an organic molecule, 2,5-dihydroxy-1,4-
benzoquinone, in an acid electrolyte;

[0015] FIG. 7 shows the cycling performance of 2,5-dihydroxy-1,4-benzoquinone in an acid
electrolyte;

[0016] FIG. 8 shows the voltage profile of an organic molecule, 2,5-dimethoxy-1,4-
benzoquinone, in an acid electrolyte;

[0017] FIG. 9 shows the cycling performance of 2,5-dimethoxy-1,4-benzoquinone in an acid
electrolyte;

[0018] FIG. 10 shows the rate performance of 2,5-dimethoxy-1.,4-benzoquinone in an acid

electrolyte;
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[0019] FIG. 11 shows the voltage profile of 2,5-dimethoxy-1,4-benzoquinone at high current
densities;

[0020] FIG. 12 compares the voltage profile of PbO,, Pb, activated carbon, and an organic
molecule, pyrene-4,5.9,10-tetraone, in a sulfuric acid electrolyte;

[0021] FIG. 13 shows the cycling performance of pyrene-4,5,9,10-tetraone in an acid electrolyte;
[0022] FIG. 14 shows the rate performance of pyrene-4,5,9,10-tetraone in an acid electrolyte;
[0023] FIG. 15 shows the voltage profile of pyrene-4,5,9,10-tetraone at high current densities;
[0024] FIG. 16 shows the capacity recovery of pyrene-4,5,9,10-tetraone when exposed to air;
[0025] FIG. 17 shows the voltage profile of a polymer anode, poly[pyrene-4,5,9,10-tetraone], in
an acid electrolyte;

[0026] FIG. 18 shows the cycling performance of poly[pyrene-4,5,9,10-tetraone] in an acid
electrolyte; and

[0027] FIG. 19 shows a synthesis route for poly[pyrene-4,5,9,10-tetraone].
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DETAILED DESCRIPTION

[0028] Refer now to the drawings wherein depicted elements are not necessarily shown to scale
and wherein like or similar elements are designated by the same reference numeral through the
several views.

[0029] Referring to the drawings in general, it will be understood that the illustrations are for the
purpose of describing particular implementations of the disclosure and are not intended to be
limiting thereto. While most of the terms used herein will be recognizable to those of ordinary
skill in the art, it should be understood that when not explicitly defined, terms should be
interpreted as adopting a meaning presently accepted by those of ordinary skill in the art.

[0030] It is to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only, and are not restrictive of the invention,
as claimed. In this application, the use of the singular includes the plural, the word “a” or “an”
means “at least one”, and the use of “or” means “and/or”, unless specifically stated otherwise.
Furthermore, the use of the term “including”, as well as other forms, such as “includes” and
“included”, is not limiting. Also, terms such as “element” or “component” encompass both
elements or components comprising one unit and elements or components that comprise more
than one unit unless specifically stated otherwise.

[0031] Lead-organic (PbOrg) batteries with high charge acceptance and improved electrodes are
discussed further herein. FIG. 1 illustrates an arrangement for a PbOrg battery 100. The PbOrg
battery 100 may provide positive 110 and negative 120 electrodes in an electrolyte 130. The
positive electrode may be formed from any suitable material, such as, but not limited to, lead,
lead sulfate, and lead oxide, the valence of lead in these compounds may range from O to +4. The

electrolyte may be any suitable electrolyte material, such as, but not limited to, any suitable acid
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or aqueous sulfuric acid with a concentration of 0.01-10.0 M. In some embodiments, the
electrolyte may have a pH value equal to or lower than 2 (pH < 2). In some embodiments, the
electrolyte material may be a solid-state electrolyte. As a result, the entirety of the battery would
be comprised of materials that are solid-state, and as such, the battery may be referred to as a
solid-state battery.

[0032] FIGS. 2-4 illustrate representative molecular compounds or structures of suitable
electrode materials for a PbOrg battery. In some embodiments, the negative electrode of the
PbOrg battery may have a lead content of 0-10 wt%. The PbOrg battery may provide negative
electrodes that include at least one organic compound or organic material. As a nonlimiting
example the organic compound may be selected from the compounds shown in FIG. 2.
Generally, these organic materials comprise C—O—H groups in their reduced/charged state
(shown in FIG. 2).

[0033] Nonlimiting embodiments of a first set of organic materials that are suitable for a
negative electrode are discussed herein. In some embodiments, the organic material comprises at
least one cyclic substructure with at least one hydroxyl group. In some embodiments, the organic
material may be a bicyclic or multi-cyclic compound with at least one hydroxyl group. In some
embodiments, the cyclic substructure may be a five/six-membered ring. The cyclic substructure
may be a carbocycle with carbon atoms forming the ring or heterocyclic with both carbon and
non-carbon atoms forming the ring. In some embodiments, the organic material may comprise
aromatic rings with at least one hydroxyl group. Further, the cyclic substructure may comprise
one or more R groups where Ry 2, g = My, CH3, CH,CH3, CH,CH,CH3, CH(CH3),, C(CH3)s,
CHCH,, CCH, OM,, OCH3, OCH,CH3, OCH>CH>CH3, OCH(CH3)>, OC(CH3z)3, NH,, NHCH3,

N(CH3),, NHCH,CH,CH3s, NHCH(CH3),, NHC(CH3)3. CN, Cl, Br, I, SO3sMy, where M = H, Li,
7
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Na, K, Mg, Ca, Al, or a mixture of these elements, x = 0.33~1. In some embodiments, the cyclic
substructure may be fused with one or more aromatic ring systems. In some embodiments, the
aromatic ring system may be a single six-/five-membered aromatic ring. Further, the aromatic
ring may comprise atoms chosen from C, N, O, or S. In some embodiments, the aromatic ring
system may be fused aromatic rings chosen from naphthalene and perylene. In some
embodiments, the aromatic ring system may be biaryls comprising two six-/five-membered
aromatic rings. Further, the aromatic rings in the biaryl may comprise atoms chosen from C, N,
O, or S.

[0034] The organic materials, such as those shown in FIG. 2, may have some of their C—O-H
groups reversibly transformed into C=0 groups in their oxidized/discharged state. FIG. 5 shows
a nonlimiting example of the electroactivity of organic compounds arises from this reversible
electrochemical redox reaction between hydroxyl and carbonyl groups and the ability of the
negatively charged oxygen atoms to coordinate with proton. While the two-step (de)protonation
mechanism of the reversible electrochemical reduction of an organic carbonyl compound (e.g.
2,5-dihydroxy-1,4-benzoquinone) is shown, it shall be understood that similar reactions may
occur for any organic compounds comprising a cyclic substructure with at least one
hydroxyl/carbonyl group in a battery environment. As nonlimiting examples, for the
corresponding oxidized forms of compounds shown in FIG. 2, the result of this reaction leads to
a second set of organic materials that are shown in FIG. 3 and discussed further below.

[0035] Nonlimiting embodiments of the second set of organic materials that are suitable for a
negative electrode are described as follows. In some embodiments, the organic material
comprises at least one cyclic substructure with at least one hydroxyl group. In some

embodiments, the organic molecular material may be a bicyclic or multi-cyclic compound with
8
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at least one hydroxyl group. In some embodiments, the cyclic substructure may be a five/six-
membered ring. The cyclic substructure may be a carbocycle with carbon atoms forming the ring
or heterocyclic with both carbon and non-carbon atoms forming the ring. In some embodiments,
the organic molecular material may comprise aromatic rings with at least one hydroxyl group.
Further, the cyclic substructure may comprise one or more R groups where R; », . g = My, CHs,
CH,CH;, CH,CH,CHj;, CH(CHs),, C(CHs);, CHCH,, CCH, OM;, OCHj;, OCH,CHs,
OCH,CH,CH3;, OCH(CHj3),, OC(CHj3);, NH,, NHCHs;, N(CHs),, NHCH,CH,CHj3,
NHCH(CHj3),, NHC(CH3)s. CN, Cl, Br, I, SOsMy, where M = H, Li, Na, K, Mg, Ca, Al, or a
mixture of these elements, x = 0.33~1. In some embodiments, the cyclic substructure may be
fused with one or more aromatic ring systems. In some embodiments, the aromatic ring system
may be a single six-/five-membered aromatic ring. Further, the aromatic ring may be a
heterocycle with heteroatoms chosen from N, O, or S. In some embodiments, the aromatic ring
system may be fused aromatic rings chosen from naphthalene and perylene. In some
embodiments, the aromatic ring system may be biaryls comprising two six-/five-membered
aromatic rings. Further, the aromatic ring in the biaryl may comprise atoms chosen from C, N, O,
orS.

[0036] In some embodiments, the organic material(s) that are suitable for a negative electrode
may comprise at least one material selected from the first set or second set discussed above. In
some embodiments, the organic materials may comprise a combination of at least one of the
organic molecular materials from the first set discussed above and at least one of the organic
materials from the second set discussed above. Referring to the exemplary reaction shown in Fig.
5, it shall be understood that the organic material(s) that are suitable for a negative electrode may

have both a hydroxyl and carbonyl present in some embodiments, such as in the intermediate
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state shown. In some embodiments, the organic material may comprise a first cyclic substructure
with a hydroxyl group and a second cyclic substructure with a carbonyl group. In some
embodiments, the organic material may be a cyclic substructure that comprises both a hydroxyl
group and a carbonyl group.

[0037] In some embodiments, the organic material(s) for the negative electrode may further
include one or more metal ions that can be included in the substitution groups. The resulted
compounds are sometimes known as “coordination polymers.” For the embodiments of electrode
materials discussed above, these coordination polymers have an organometallic polymer
structure. The coordination polymer may comprise two or more of the organic molecular
material options discussed above (e.g. figs. 2-3) linked by metal cation centers , or more
specifically metal cations and molecular anions of organic molecules. As a nonlimiting example,
cyclic substructures with at least one hydroxyl (C—O—-H) group and/or carbonyl (C=0) group,
such as the first and second sets of organic materials discussed above, may be connected by
metal cations. Further, the metal cations may be chosen from Li*, Na*, K*, Mg™, Ca®*, AI**, or a
combination thereof. Additionally, some embodiments may have the cyclic substructures
connected by metal cations via the R group(s) and/or fused aromatic ring systems. These
variations do not change the molecular nature of the active organic molecules.

[0038] FIG. 4 illustrates exemplary molecular structures of suitable poly-/oligomer electrode
materials in their oxidized/discharged state for a PbOrg battery, particularly lead-polymer
battery. Generally, the structural formulas comprise (I) structures where electroactive cores are
attached to a poly-/oligomer backbone, or (II) structures where electroactive cores are part of the
poly-/oligomer backbone. In some embodiments, the electroactive core may be selected from the

organic materials discussed above, such as the nonlimiting examples in Figs. 2-3. The
10
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electroactive core may comprise cyclic substructures with at least one hydroxyl and/or carbonyl
group. The electroactive core may be a carbocycle with carbon atoms forming the ring or
heterocycle with both carbon and non-carbon atoms forming the ring. The electroactive core may
comprise cyclic substructures that are functionalized with R groups and/or fused aromatic ring
systems. Nonlimiting examples of the electroactive core are shown in FIG. 4. Note that only the
oxidized forms of the active cores are shown in FIG. 4, but it shall be understood that any
number of the carbonyl groups in these cores may be reversibly transformed to hydroxyl groups
when desired or during battery operation. In some embodiments, the organic material may be a
poly-/oligomer, where repeating unit(s) comprise at least one cyclic substructure with at least one
hydroxyl group or carbonyl group. Further, the cyclic substructures may be functionalized with
at least one R group and/or fused aromatic ring system. With respect to the structural formula (I)
the chain comprises any polymer or oligomer backbone. In some embodiments, the polymer
backbone is chosen from polyethylene, polypropylene, polystyrene, and polyaryls. Nonlimiting
examples of the aryl structures in the polyaryls include benzene, thiophene, pyrrole, pyridine,
naphthalene, anthracene, perylene, or a combination thereof. The electroactive cores may be
linked to the poly-/oligomer backbone directly or via a linker, such as O atoms, ester bonds,
amide bonds, or aryl groups. In structural formula (II), electroactive cores may be either directly
connected by covalent bonds or linked by linkers. Linkers may comprise a moiety chosen from
the group consisting of C=0, (C=0)-L’-(C=0), NH, NH-L’-NH, O, O-L’-0O, S, S-L’-S, CH,,
CH,-L’-CH,, (CH»),, (CH3),-L’-(CH3),, 5-6 membered (hetero)aryl, or biaryls with two identical
or different 5-6 membered (hetero)aryl groups, where L’ may be chosen from CH,, (CH,),,
(CHy)3, 5-6 membered (hetero)aryl group, or biaryls with two identical or different 5-6

membered (hetero)aryl groups. Without limitation, “n” indicates the average number of repeating
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units in the formula. In some embodiments, the average number of repeat units for a poly-
/oligomer may be at least 2.

[0039] In some embodiments, the organic materials disclosed herein for the negative electrode
are characterized by (1) electrochemically reversible conversion between the C—O—H-containing
form and C=0-containing form or vice versa, and/or (2) an average reduction potential of 0.6 V
or less versus normal hydrogen electrode (NHE) in 4.4 M H,SO4.

[0040] These PbOrg batteries may provide high charge acceptance, such as over-ten-time higher
charge acceptance than prior lead acid batteries, and as much as 50% less lead and sulfuric acid
than current LABs. Current LABs only allow a C/8 charge rate at room temperature and C/24 at
0 °C. Some vehicle manufacturers are adopting start/stop technology to meet new US, European,
and/or Chinese requirements for fuel efficiency. In order to do so, LABs will need to provide
power for the electrical system when the engine is shut down and then recover charge quickly to
allow for repetitive charge/discharge events. Similarly, most renewable energy or energy
efficiency projects also have to have a better balance of charge and discharge in order to store
energy efficiently when it is available, such as brake energy recovery in vehicles, smoothing
wind and solar output, and/or grid stabilization in regulatory/ancillary service. In some
embodiments, the charge rate of PbOrg batteries may be 1C or greater. As a nonlimiting
example, the PbOrg batteries may be charged from any state-of-charge to 80% charged within 1
hour or shorter. The high charge acceptance would immediately address issues for lead acid
battery use in new start/stop and micro hybrid vehicles and would make these batteries suitable
for a wide range of new applications such as hybrid vehicles and buses, light rail, and/or grid
storage applications. To the best of our knowledge, organic materials have not yet been

examined in lead-acid batteries. In some embodiments, the specific capacity of these PbOrg
12
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batteries may be 30 mAh/g or greater. Because the negative electrode in the improved LABs
batteries does not contain lead and not consume sulfate ions, the batteries reduce the use of lead
and sulfuric acid by 50% of weight. These PbOrg batteries will rejuvenate the lead-acid battery
industry by enabling high charge acceptance originated from polymeric active materials.

[0041] Experimental examples are discussed below to illustrate the ability of organic materials to
be potentially sustainable, low-cost, and high-energy electrode materials.

[0042] The following examples are included to demonstrate particular aspects of the present
disclosure. It should be appreciated by those of ordinary skill in the art that the methods
described in the examples that follow merely represent illustrative embodiments of the
disclosure. Those of ordinary skill in the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments described and still obtain a like or
similar result without departing from the spirit and scope of the present disclosure.

[0043] Organic compounds are shown to be reliable and low-cost negative electrode materials
that can be used to replace lead in an LAB. This (de)protonation reaction is an intrinsically fast
and highly reversible process. Organic compounds that are potentially sustainable, low-cost, and
high-capacity (200-500 mAh/g) are very attractive electrode materials. FIG. 6&7 show the
electrochemical performance of a cell based on 2,5-dihydroxy-1,4-benzoquinone tested in a 4.4
M sulfuric acid electrolyte. A specific capacity of up to 350 mAh/g is obtained, which is 91% of
the theoretical capacity based on a two-electron transfer reaction, confirming the proposed
mechanism. FIG. 8-11 show the electrochemical performance of 2,5-dimethoxy-1.,4-
benzoquinone. The average discharge voltage is 100 mV lower than that of 2,5-dihydroxy-1,4-
benzoquinone, which will be translated into 100 mV increase of battery voltage. The capacity

retention is 96% after 100 cycles. When charged at a constant rate of 1C from a completely
13
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discharged state, 93% of the maximum capacity is obtained. Even at a very high charging rate of
10C, 67% of the maximum capacity can be obtained with minimal loss (10 mV) in voltage. FIG.
12 compares the voltage profile of PbO,, Pb, activated carbon, and pyrene-4,5,9,10-tetraone in a
sulfuric acid electrolyte. The specific capacity of the pyrene-4,5,9,10-tetraone is 382 mAh/g,
which is more than five times of that of activated carbon and two times higher than that of Pb.
The voltage profile for PTO is also less sloping than that for activated carbon.

[0044] FIG. 13 shows the capacity retention of pyrene-4,5,9,10-tetraone in an acid electrolyte is
90% after 500 cycles. FIG. 14 shows 92% of the capacity of pyrene-4,5,9,10-tetraone is
recovered when galvanostatically charged at 10C. FIG. 15 shows the voltage decrease for
pyrene-4,5,9,10-tetraone when increasing the charging rate from 1C to 10C is 20 mV. A fully
charged pyrene-4,5,9,10-tetraone electrode quickly recover capacity when exposed to air (FIG.
16). This capability indicates the organic compound can be reversibly oxidized by oxygen, hence
enabling oxygen cycle within a typical lead-acid battery.

[0045] In some embodiments, a method for fabricating polymer materials that are suitable for
use as an electrode in a PbOrg battery includes processing a solution that includes pyrene to form
poly[pyrene-4,5,9,10-tetraone (PTO)]. The PTO may then be processed to form PTO(NO,),,
which is then processed to form PTO (NH,),. The PTO (NH,), may be processed to form
P(PTO-C,) that is suitable to be utilized as an electrode in a PbOrg battery.

[0046] Organic polymers are shown to be reliable and low-cost negative electrode materials that
can be used to replace lead in a LAB. FIG. 17&18 shows electrochemical performance of
poly[pyrene-4,5,9,10-tetraone]. A specific capacity of 250 mAh/g is found, which is four times
of that of activated carbon and double of that of Pb. After 150 cycles, no sign of capacity decay

can be observed. As a nonlimiting example, in some embodiments, the organic polymer for an
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electrode may be P(PTO-C4). A nonlimiting embodiment of the synthesis route of P(PTO-Cy)
that can be used in the anode is shown in Fig. 19.

[0047] As micro hybrid and stop/start technologies require higher charge acceptance, lead acid
battery technology may soon be replaced. The technology discussed herein would be a direct
replacement for the negative lead electrode currently used in existing lead acid battery
manufacturing. This technology will solve both the charge acceptance problem of current LABs
and also the low energy and sloping voltage profile of PbC batteries. Finally, this technology
may be easily integrated into existing LAB manufacturing processes, which will dramatically
reduce time-to-market and cost to scale-up this technology.

[0048] Embodiments described herein are included to demonstrate particular aspects of the
present disclosure. It should be appreciated by those of skill in the art that the embodiments
described herein merely represent exemplary embodiments of the disclosure. Those of ordinary
skill in the art should, in light of the present disclosure, appreciate that many changes can be
made in the specific embodiments described and still obtain a like or similar result without
departing from the spirit and scope of the present disclosure. From the foregoing description, one
of ordinary skill in the art can easily ascertain the essential characteristics of this disclosure, and
without departing from the spirit and scope thereof, can make various changes and modifications
to adapt the disclosure to various usages and conditions. The embodiments described
hereinabove are meant to be illustrative only and should not be taken as limiting of the scope of

the disclosure.
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CLAIMS
What is claimed is:
1. A lead acid battery comprising:
a first electrode;
an electrolyte; and
a second electrode comprising at least one an organic material, wherein the organic
material comprises at least one cyclic substructure with at least one hydroxyl (C—O—-H) group

and/or carbonyl (C=0) group.

2. The battery of claim 1, wherein the electrolyte has a pH value equal to or lower than 2.
3. The battery of claim 1, wherein the second electrode has a lead content of 0-10 wt%.
4. The battery of claim 1, wherein the second electrode is electrochemically reversible

between a C—O—-H-containing form and a C=0O-containing form or vice versa.

5. The battery of claim 1, wherein the C atoms in the at least one hydroxyl (C—O-H) group

and/or carbonyl (C=0) group are part of a cyclic substructure.

6. The battery of claim 1, wherein the cyclic substructure is a carbocycle with carbon atoms

forming a ring.

7. The battery of claim 1, wherein the cyclic substructure is a heterocycle with both carbon
16
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and non-carbon atoms forming a ring.

8. The battery of claim 1, wherein the cyclic substructure is an aromatic ring.

9. The battery of claim 1, wherein the cyclic substructure further comprises one or more R
groups where R » . s = My, CH3, CH,CH3, CH,CH,CHj3, CH(CH3),, C(CHj3)3;, CHCH,, CCH,
OM,, OCHj;, OCH,CH;, OCH.CH,CH;, OCH(CHs),, OC(CHs);, NH,, NHCH;, N(CHj3),,
NHCH,CH,CH3;, NHCH(CHs),, NHC(CH3)3, CN, Cl, Br, I, or SOsMy, where M = H, Li, Na, K,

Mg, Ca, Al, or a mixture of these elements, x = 0.33~1.

10. The battery of claim 1, wherein the cyclic substructure is fused with one or more

aromatic ring systems.

11. The battery of claim 10, wherein the aromatic ring system is a single six-/five-membered

aromatic ring.

12. The battery of claim 11, wherein the single six-/five-membered aromatic ring is a

heterocycle with one heteroatom chosen from N, O, or S.

13. The battery of claim 10, wherein the aromatic ring system comprises fused aromatic rings

chosen from naphthalene and perylene.

14. The battery of claim 10, wherein the aromatic ring system is a biaryl comprising two six-
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/five-membered aromatic rings.

15. The battery of claim 14, wherein at least one aromatic ring in the biaryl is a heterocycle

with at least one heteroatom chosen from N, O, or S.

16.  The battery of claim 10, wherein the aromatic ring system further comprises one or more
R groups where R, » . s = My, CH3, CH,CH3, CH,CH,CH3, CH(CH3),, C(CH3)3, CHCH,, CCH,
OM,, OCH;, OCH,CH;, OCH,CH,CH;, OCH(CHs),, OC(CH3);, NH,, NHCH3, N(CHj3),,
NHCH,CH,CH3;, NHCH(CHs),, NHC(CH3)3, CN, Cl, Br, I, or SOsMy, where M = H, Li, Na, K,

Mg, Ca, Al, or a mixture of these elements, x = 0.33~1.

17. The battery of claim 1, wherein the organic material is a molecular compound.

18. The battery of claim 1, wherein the organic material is a coordination polymer

comprising two or more of said at least one cyclic substructure connected by metal cations.

19.  The battery of claim 18, wherein the metal cations are chosen from Li*, Na*, K*, Mg™*,

Ca®*, AI**, or a combination thereof.

20. The battery of claim 18, wherein the two or more of said at least one cyclic substructure

are connected by metal cations via R groups and/or fused aromatic ring systems.

21. The battery of claim 1, wherein the organic compound is a poly-/oligomer where a
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repeating unit comprises said at least one cyclic substructure.

22. The battery of claim 21, wherein the cyclic substructure is functionalized with one or

more R groups and/or fused aromatic ring systems.

23. The battery of claim 21, wherein the repeating unit is directly linked to another repeating

unit by covalent bonding.

24. The battery of claim 21, wherein the repeating unit is linked to another repeating unit by

a linker present in-between.

25. The battery of claim 24, wherein the linker is a C=0, (C=0)-L’-(C=0), NH, NH-L’-NH,
0, O-L’-0, S, S-L’-S, CH,, CH,-L’-CH,, (CH»),, (CH»),-L’-(CH»),, 5-6 membered (hetero)aryl,
or biaryl with two identical or different 5-6 membered (hetero)aryl groups, where L’ is chosen
from CH,, (CH>),, (CH»)3, 5-6 membered (hetero)aryl, or biaryl with two identical or different 5-

6 membered (hetero)aryl groups.

26. The battery of claim 21, wherein the repeating unit is linked to a polymer backbone.

27. The battery of claim 26, wherein the repeating unit is linked to the polymer backbone

directly or via O atoms, ester bonds, amide bonds, or aryl groups.

28. The battery of claim 26, wherein the polymer backbone is chosen from a polyethylene,
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polypropylene, polystyrene, or polyaryl.

29. The battery of claim 28, wherein an aryl structure in the polyaryl is chosen from benzene,

thiophene, pyrrole, pyridine, naphthalene, anthracene, perylene, or a combination thereof.

30. The battery of claim 21, wherein an average number of repeating units for the poly-

/oligomer is at least 2.

31. The battery of claim 1, wherein the at least one organic material comprises a first cyclic
substructure with at least one hydroxyl group and a second cyclic substructure with at least one

carbonyl group.

32. The battery of claim 1, wherein the at least one cyclic substructure comprises at least one

hydroxyl group and at least one carbonyl group simultaneously.

33. The battery of claim 1, wherein the second electrode has a reduction potential of 0.6 V or

less versus a normal hydrogen electrode (NHE) in 4.4 M H,SO..

34. The battery of claim 1, wherein the second electrode is charged from any state-of-charge

to 80% charged within 1 hour or shorter.

35. The battery of claim 1, wherein a specific capacity of the battery is 30 mAh/g or greater.
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