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HIGH VOLTAGE BATTERY COMPOSED OF ANODE LIMITED
ELECTROCHEMICAL CELLS

FIELD

[0001] This application claims the priority benefit of U.S. Application No. 13/423,430,
filed on March 19, 2012, which 1s a continuation-in-part of U.S. Application No. 13/186,226
filed on July 19, 2011. Both applications 13/423,430 and 13/186,226 arc¢ hereby incorporated
by reference in their entirety.

[0002] The present invention 1s directed to ensembles of electrochemical cells and 1in

particular to hybrid energy storage devices.

BACKGROUND

[0003] Small renewable energy harvesting and power generation technologies (such as
solar arrays, wind turbines, micro sterling engines, and solid oxide fuel cells) are
proliferating, and there 18 a commensurate strong need for intermediate size secondary
(rechargeable) energy storage capability. Energy storage batteries for these stationary
applications typically store between 1 and 50 kWh of energy (depending on the application)
and have historically been based on the lead-acid (Pb acid) chemistry. The batteries typically
compris¢ a number of individual cells connected 1n series and parallel to obtain the desired
system capacity and bus voltage.

[0004] For vehicular and stationary storage applications, it 1s not unusual to have
batteries with bus voltages in the hundreds or thousands of volts, depending on application.
In these cases, where many units are connected electrically 1n series, there 1s typically an
inherent need for these cells to be as similar to each other as possible. In the event that the
cells are not similar enough, a cell-level monitoring and controlling circuit 1s commonly

necessary. If some set of cells 1n a string of cells have lower charge capacity than others 1n
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the same string, the lower capacity cells will reach an overcharge/undercharge condition
during full discharge or charge of the string. These lower capacity cells will be de-stabilized
(typically due to electrolyte corrosion reactions), resulting in diminished lifetime
performance of the battery. This effect 1s common 1n many battery chemistries and 1s seen
prominently 1n the Li-1on battery and in the supercapacitor pack. In these systems, costly and
intricate cell-level management systems are needed 1f the cells are not produced to exacting

(and expensive) precision.

SUMMARY

[0005] An embodiment relates to an electrochemical storage device including a plurality
of electrochemical cells connected electrically 1n series. Each cell includes an anode
(negative) electrode, a cathode (positive) electrode and an aqueous electrolyte. The charge
storage capacity of the anode electrode 1s less than the charge storage capacity of the cathode.
[0006] Another embodiment relates to a method of operating an electrochemical energy
storage device. The method mncludes charging a plurality of aqueous electrolyte
clectrochemical cells connected electrically 1n series. The water 1in the aqueous electrolyte
clectrolyzes to form hydrogen and OH™ species at an anode electrode of at least one of the
plurality of cells when a charge storage capacity of the anode electrode of the at least one cell

1s exceeded on charging the at least one cell.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 1llustrates an electrochemical cell according to an embodiment.
[0008] FIG. 2 1s a schematic 1llustration of an electrochemical cell according to an
embodiment of the invention. The electrochemical cell may be stacked 1n a bipolar or
prismatic stack configuration.

[0009] FIG. 3 1s a schematic 1llustration of an electrochemical device comprising a
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bipolar stack of eclectrochemical cells according to an embodiment of the invention.

[0010] FIG. 4A 1llustrates an electrochemical energy storage system according to
embodiment.

[0011] FIG. 4B 1llustrates an electrochemical energy storage system according to another
embodiment.

[0012] FIG. 5 1s a plot of battery capacity as a function of charge/discharge cycles.
[0013] FIG. 6A 1s a plot of cell potential (in volts) versus energy (in units of Wh/kg of
clectrode active carbon material or 1n units of Wh/liter of anode electrode volume).

[0014] FIG. 6B 1s a plot of cell potential (1n volts) versus specific capacity (1n units of
mAH/g).

[0015] FIG. 6C 1s a Ragone plot of energy density versus power density for a prior art
cell.

[0016] FIG. 7A 1s a plot of anode specific capacitance (in F/g) versus electrode potential
(in units of volts versus SME) for an activated carbon anode.

[0017] FIG. 7B 1s a plot of anode specific capacitance (1in F/g) versus electrode potential
(1in units of volts versus SME) for an activated carbon anode with nickel hydroxide hydrogen

storage material added to the anode surface.

DETAILED DESCRIPTION

[0018] It would be very useful to have batteries that can be built with cells that have a
higher cell-to-cell charge storage capacity variation without sacrificing the integrity of the
pack. The inventor has discovered an aqueous electrolyte electrochemical cell that 1s able to
self-regulate using internal electrochemical reactions upon overcharge. This self-regulation
allows for high voltage strings of cells to be manufactured with a high tolerance for cell-to-

cell charge capacity variation. Preferably, but not necessarily, the system lacks a cell level
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voltage monitoring and current control circuit (also known as a cell-level battery management
system, or BMS). Thus, the cell level voltage 1s not monitored or controlled.

[0019] Without being bound by any particular theory, the inventor believes that the
mechanism of self-regulation 1s the local electrolysis of the aqueous clectrolyte that takes
place at the anode clectrode. As clectrolysis occurs, a small amount of hydrogen 1s generated
along with OH" species. The OH™ species locally increase the pH, thereby pushing the
voltage stability window of ¢lectrolyte 1n the immediate vicinity of the anode to a lower
value. This subsequently eliminates the continued evolution of hydrogen.

[0020] It 1s believed that at least a portion of the hydrogen species formed on charging of
the cell 1s stored 1n, on and/or at the anode ¢lectrode of the cell during the period of
overcharge. For brevity, the hydrogen species formed on charging of the cell and stored 1n,
on and/or at the anode electrode will be referred to as “anode stored hydrogen™ hereafter. It
1s believed that the hydrogen may be stored by being adsorbed (¢.g., by van der Waals forces)
and/or chemically bound (¢.g., by covalent bonding) to the anode electrode surface and/or
may be stored in the bulk of the activated carbon anode, for example by intercalation into the
activated carbon lattice, adsorption to sidewalls of the activated carbon pores and/or by
chemical bonding to the sidewalls of activated carbon pores. It 1s also possible that the
hydrogen may be stored at the anode as a capacitive or pseudocapacitive double layer at (1.¢.,
near) the anode surface. Preferably, a majority of the hydrogen species (e.g., at least 51%,
such as 60-99%, including 70-90%) 1s stored 1n and/or at the anode ¢lectrode. Any
remaining generated hydrogen species may evaporate from the cell as hydrogen gas.

[0021] If desired, any suitable hydrogen storage material may be added to the activated
carbon anode material to increase the amount of anode stored hydrogen. Non-limiting

examples of hydrogen storage materials include materials which chemically and/or physically
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store hydrogen, such as metal hydride materials (e.g., MgH,, NaAlH,, L1AlH,4, L1iH, LaNisHg,
TiFeH,, palladium hydride, etc.), metal hydroxide materials, (e.g., nickel hydroxide), metal
boro-hydrides (¢.g., LiBH4, NaBH4, ¢tc.), nanostructured carbon (e.g., carbon nanotubes,
buckyballs, buckypaper, carbon nanohorms, etc.), hollow glass microspheres, etc. The
hydrogen storage material may be added only to the surface of the activated carbon anode
and/or 1t may be added to the bulk of the anode by being mixed and pressed with the active
carbon. The hydrogen storage material may be added to the anode electrode 1n a range of at
least 0.1 mass%, such as 0.5 to 10 mass%, for example 1-2 mass% of the anode.

[0022] When the battery 1s allowed to discharge, 1t 1s believed that at least a portion of
the anode stored hydrogen 1s released from the anode and 1s consumed / reacted (1.¢.,
recombines) with local OH™ to re-form water, or instead diffuses to the cathode side of the
cell, where 1t can be similarly consumed. Preferably, a majority of the released anode stored
hydrogen (¢.g., at least 51%, such as 60-99%, including 70-90%) 1s reacted with local OH" to
re-form water. Any remaining released anode stored hydrogen may evaporate from the cell
as hydrogen gas.

[0023] The mmventor has discovered that the use of an anode electrode of a material with a
high overpotential for hydrogen evolution from water, such as carbon, combined with the
local electrolysis and recombination of the aqueous electrolyte allows for an electrode
environment that 1s highly tolerant to overcharge.

[0024] An embodiment of the invention includes an electrochemical storage device that
includes cells electrically connected 1n series having a wider as-manufactured cell-to-cell
variation 1n charge storage capacity than conventional charge storage devices. In this
embodiment, cells with a lower charge storage capacity in the same string of cells charge to

higher potentials during cycling. When this happens, the effect described above 1s believed
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to occur with no long-term detriment to the cell string.

[0025] In an embodiment, the electrochemical storage device 1s a hybrid electrochemical
energy storage system in which the individual electrochemaical cells include a
psecudocapacitive or double-layer capacitor electrode (¢.g., anode) coupled with an active
clectrode. In these systems, the capacitor electrode stores charge through a reversible
nonfaradiac reaction of alkali (e.g., L1, Na, K, etc.) or Ca cations on the surface of the
clectrode (double-layer) and/or pseudocapacitance, while the active electrode undergoes a
reversible faradic reaction 1n a transition metal oxide or a similar material that intercalates
and deintercalates alkali or Ca cations similar to that of a battery.

[0026] An example of a Li-based system has been described by Wang, et al., which
utilizes a spinel structure LiMn,04 battery electrode, an activated carbon capacitor electrode,
and an aqueous L1,SO4 clectrolyte. Wang, ¢t al., Electrochemistry Communications, 7:1138-
42(2005). In this system, the negative anode electrode stores charge through a reversible
nonfaradiac reaction of Li-10n on the surface of an activated carbon electrode. The positive
cathode clectrode utilizes a reversible faradiac reaction of Li-1on intercalation/deintercalation
in spinel LiMn,04. A different system 1s disclosed in U.S. Patent Application Serial No.
12/385,277, filed April 3, 2009, hereby incorporated by reference 1n 1ts entirety. In this
system, the cathode electrode comprises a material having a formula A;M,0O,. A 1s one or
more of L1, Na, K, Be, Mg, and Ca, x 1s within a range of 0 to 1 before use and within a range
of 0 to 10 during use. M comprises any on¢ or more transition metals, y 18 within a range of
1 to 3 and z 1s within a range of 2 to 7. The anode clectrode comprises activated carbon and
the electrolyte comprises SO, ,NO; , ClO,, PO, ", CO;*, Cl,or OH anions. Preferably,
the cathode electrode comprises a doped or undoped cubic spinel A-MnO,-type material or a

NaMnoyO,g tunnel structured orthorhombic material, the anode electrode comprises activated
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carbon and the electrolyte comprises Na,SO,4 solvated 1n water.

[0027] Figure 1 18 a schematic illustration of an exemplary electrochemical cell 102
according to an embodiment. The cell 102 includes a cathode side current collector 1 1n
contact with a cathode electrode 3. The cathode electrode 3 1s 1n contact with an aqueous
clectrolyte solution 5, which 1s also 1n contact with an anode ¢lectrode 9. The cell 102 also
includes a separator 7 located 1n the electrolyte solution 5 at a point between the cathode
clectrode 3 and the anode electrode 9. The anode electrode is also 1n contact with an anode
side current collector 11. In Figure 1, the components of the exemplary cell 102 are shown as
not being 1in contact with each other. The cell 102 was 1llustrated this way to clearly indicate
the presence of the electrolyte solution 5 relative to both electrodes. However, 1n actual
embodiments, the cathode electrode 3 1s 1n contact with the separator 7, which 1s in contact
with the anode electrode 9.

[0028] In this embodiment, the cell 102 1s “anode limited”. That 1s, the charge storage
capacity of the anode electrode 9 1s less than that of the cathode electrode 3. The charge
storage capacity of an electrode 1s the product of the mass of the electrode and the specific
capacity (in units of Ah/kg) of the electrode material. Thus, 1n an anode limited cell, the
mass of the active cathode material multiplied by the usable specific capacity of the cathode
material 1s greater than the mass of the active anode material multiplied by the useable
specific capacity of the anode material. Preferably, the storage capacity of the anode
clectrode 9 available before water begins electrolysis at the anode electrode/electrolyte
interface 1s 50-90%, such as 75-90% of the charge storage capacity of the cathode electrode
3.

[0029] In a preferred embodiment, the cell 1s an unbalanced cell in which the product of

the specific capacity of the anode and the load of the anode 1s less than the product of the
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specific capacity of the cathode and the load of the cathode. For example, the cathode
product may be at least 20% greater, such as 50-500%, for example 100-200% greater than
the anode product. Thus, the capacity (in the units of mAh) of the anode 1s lower (such as at
least 50-500% lower) than that of the cathode.

[0030] The unbalanced cell causes the water to electrolyze at the anode and the generated
hydrogen 10ns to become anode stored hydrogen, when the anode potential 1s below the
clectrolysis potential of water. This 1s not necessarily an “overcharge” condition because the
battery may be designed to be operated at this low anode potential.

[0031] Preferably, the anode electrode 9 1s made from a material that 1s corrosion
resistant (resistant to the hydrogen formed by electrolysis) at the charging voltage as will be
discussed below.

[0032] A method according to an embodiment includes charging the energy storage
system 100 at a voltage 1.5 times greater and/or 0.8 volts higher than a voltage at which
clectrolysis of the water at the anode electrode of the cells 1s mitiated, without inducing
corrosion of the anode electrode material.

[0033] Figure 2 illustrates another embodiment of an electrochemical cell 102. The
electrochemical cell 102 includes an anode electrode 104, a cathode electrode 106 and a
separator 108 between the anode electrode 104 and the cathode electrode 106. The
clectrochemical cell 102 also includes an electrolyte located between the anode electrode 104
and the cathode electrode 106. In an embodiment, the separator 108 may be porous with
clectrolyte located 1n the pores. The electrochemical cell 102 may also include a graphite
sheet 110 that acts as a current collector for the electrochemaical cell 102. Preferably, the
graphite sheet 110 1s densified. In an embodiment, the density of the graphite sheet 110 1s

greater than 0.6 g/cm’. The graphite sheet 110 may be made from, for example, exfoliated
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graphite. In an embodiment, the graphite sheet 110 may include one or more foil layers.
Suitable materials for the anode electrode 104, the cathode electrode 106, the separator 108
and the electrolyte are discussed 1n more detail below.

[0034] The anode electrode 104, the cathode electrode 106, the separator 108 and the
graphite sheet current collector 110 may be mounted 1n a frame 112 which seals each
individual cell. The frame 112 1s preferably made of an electrically insulating material, for
example, an electrically msulating plastic or epoxy. The frame 112 may be made from
preformed rings, poured epoxy or a combination of the two. In an embodiment, the frame
112 may comprise separate anode and cathode frames. In an embodiment, the graphite sheet
current collector 110 may be configured to act as a seal 114 with the frame 112. That 1s, the
graphite sheet current collector 110 may extend 1nto a recess in the frame 112 to act as the
scal 114. In this embodiment, the seal 114 prevents electrolyte from flowing from one
clectrochemical cell 102 to an adjacent electrochemical cell 102. In alternative embodiments,
a separate scal 114, such as a washer or gasket, may be provided such that the graphite sheet
current collector does not perform as a seal.

[0035] In an embodiment, the electrochemical cell 1s a hybrid electrochemical cell. That
18, the cathode electrode 106 1n operation reversibly intercalates alkali metal cations and the
anode clectrode 104 comprises a capacitive electrode which stores charge through either (1) a
reversible nonfaradiac reaction of alkali metal cations on a surface of the anode electrode or
(2) a pseudocapacitive electrode which undergoes a partial charge transfer surface interaction
with alkali metal cations on a surface of the anode electrode.

[0036] Individual device components may be made of a variety of materials as follows.

Anode

[0037] The anode may, in general, comprise any material capable of reversibly storing
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Na-1ons (and/or other alkal1 or alkal1 earth 10ns) through surface adsorption/desorption (via an
clectrochemical double layer reaction and/or a pseudocapacitive reaction (1.¢. partial charge
transfer surface interaction)) and be corrosion/hydrogen resistant in the desired voltage range.
In an embodiment, the anodes are made of activated carbon (which 1s corrosion free; that 1s,
not damaged by evolved hydrogen). Preferably, the anode electrode comprises high surface
area (¢.g., activated) carbon that has been modified to have more than 120 F/g (e.g., 120 to
180 F/g) in 1 M Na,SO,4 under anodic biasing conditions. Preferably, the activated carbon
anode 1S pseudocapacitive and 1s configured to operate 1n a voltage range of -1 to 0.8 volts
SHE. Alternative anode materials include graphite, mesoporous carbon, carbon nanotubes,
disordered carbon, Ti-oxide (such as titania) materials, V-oxide materials, phospho-olivine
materials, other suitable mesoporous ceramic materials, and combinations thereof.

[0038] Optionally, the anode electrode may be 1n the form of a composite anode
comprising activated carbon, a high surface arca conductive diluent (such as conducting
grade graphite, carbon blacks, such as acetylene black, non-reactive metals, and/or
conductive polymers), a binder, such as PTFE, a PVC-based composite (including a PVC-
S10, composite), cellulose-based materials, PVDF, other non-reactive non-corroding polymer
materials, or a combination thercof, plasticizer, and/or a filler. The composite anode
clectrode, as with a single material anode electrode, should be corrosion/hydrogen resistant in
the desired voltage range. In an embodiment, the anode electrode comprises an alkali titanate
compound that reversibly interacts with alkali or alkali earth 10ns via a pseudocapacitive or
intercalative reaction mechanism, such as sodium or lithium titanate. The alkali titanate may
be, for example, 1n the form of nanocrystals on the surface of the anode or intercalated into

the anode.

Cathode
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[0039] Any suitable material comprising a transition metal oxide, sulfide, phosphate, or
fluoride can be used as active cathode materials capable of reversible alkali and/or alkali
earth 1on, such as Na-1on intercalation/deintercalation. Materials suitable for use as active
cathode materials in embodiments of the present invention preferably contain alkali atoms,
such as sodium, lithium, or both, prior to use as active cathode materials. It 1s not necessary
for an active cathode material to contain Na and/or L1 in the as-formed state (that 1s, prior to
use 1n an energy storage device). However, for devices 1n which use a Na-based electrolyte,
Na cations from the electrolyte should be able to incorporate 1nto the active cathode material
by intercalation during operation of the energy storage device. Thus, materials that may be
used as cathodes in embodiments of the present invention comprise materials that do not
necessarily contain Na or other alkali in an as-formed state, but are capable of reversible
intercalation/deintercalation of Na or other alkali-ions during discharging/charging cycles of
the energy storage device without a large overpotential loss.

[0040] In embodiments where the active cathode material contains alkali-atoms
(preferably Na or Li) prior to use, some or all of these atoms are demtercalated during the
first cell charging cycle. Alkali cations from a sodium based electrolyte (overwhelmingly Na
cations) are re-intercalated during cell discharge. This 1s different than nearly all of the
hybrid capacitor systems that call out an intercalation electrode opposite activated carbon. In
most systems, cations from the electrolyte are adsorbed on the anode during a charging cycle.
At the same time, the counter-anions, such as hydrogen 1ons, 1n the electrolyte intercalate into
the active cathode material, thus preserving charge balance, but depleting 1onic concentration,
in the electrolyte solution. During discharge, cations are released from the anode and anions
are released from the cathode, thus preserving charge balance, but increasing 1onic

concentration, 1n the electrolyte solution. This 1s a different operational mode from devices
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in embodiments of the present invention, where hydrogen 1ons or other anions are preferably
not intercalated into the cathode active material and/or are not present in the device. The
examples below 1llustrate cathode compositions suitable for Na intercalation. However,
cathodes suitable for L1, K or alkali earth intercalation may also be used.

[0041] Suitable active cathode materials may have the following general formula during
use: AxMy0O,, where A 1s Na or a mixture of Na and one or more of L1, K, Be, Mg, and Ca,
where x 18 within the range of 0 to 1, inclusive, before use and within the range of 0 to 10,
inclusive, during use; M comprises any one or more transition metal, where y 1s within the
range of 1 to 3, inclusive; preferably within the range of 1.5 and 2.5, inclusive; and O 1s
oxygen, where z 18 within the range of 2 to 7, inclusive; preferably within the range of 3.5 to
4.5, inclusive.

[0042] In some active cathode materials with the general formula AyM,0O,, Na-ions
reversibly intercalate/deintercalate during the discharge/charge cycle of the energy storage
device. Thus, the quantity x 1n the active cathode material formula changes while the device
1S 1n use.

[0043] In some active cathode materials with the general formula A\M,0,, A comprises
at least 50 at % of at least one or more of Na, K, Be, Mg, or Ca, optionally 1n combination
with L1; M comprises any one or more transition metal; O 18 oxygen; x ranges from 3.5 to 4.5
before use and from 1 to 10 during use; y ranges from 8.5 to 9.5 and z ranges from 17.5 to
18.5. In these embodiments, A preferably comprises at least 51 at % Na, such as at least 75
at % Na, and 0 to 49 at %, such as 0 to 25 at %, L1, K, Be, Mg, or Ca; M comprises on¢ or
more of Mn, Ti, Fe, Co, N1, Cu, V, or Sc; x 1s about 4 before use and ranges from 0 to 10
during use; y 1s about 9; and z 1s about 18.

[0044] In some active cathode materials with the general formula A\M,0,, A comprises
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Na or a mix of at least 80 atomic percent Na and one or more of L1, K, Be, Mg, and Ca. In
these embodiments, x 1s preferably about 1 before use and ranges from 0 to about 1.5 during
use. In some preferred active cathode materials, M comprises one or more of Mn, Ti, Fe, Co,
N1, Cu, and V, and may be doped (less than 20 at %, such as 0.1 to 10 at %; for example, 3 to
6 at %) with one or more of Al, Mg, Ga, In, Cu, Zn, and Ni.

[0045] General classes of suitable active cathode materials include (but are not limited to)
the layered/orthorhombic NaMO, (birnessite), the cubic spinel based manganate (e.g., MO,
such as A-MnO, based material where M is Mn, e.g., LixM,04 (where 1=x<1.1) before use
and Na,Mn,04 1n use), the Na,M307 system, the NaMPQO, system, the NaM,(PO4); system,
the Na,MPO4F system, and the tunnel-structured orthorhombic NaMoOg, where M 1n all
formulas comprises at least one transition metal. Typical transition metals may be Mn or Fe
(for cost and environmental reasons), although Co, N1, Cr, V, T1, Cu, Zr, Nb, W, Mo (among
others), or combinations thercof, may be used to wholly or partially replace Mn, Fe, or a
combination thercof. In embodiments of the present invention, Mn 18 a preferred transition
metal. In some embodiments, cathode electrodes may comprise multiple active cathode
materials, either in a homogenous or near homogenous mixture or layered within the cathode
clectrode.

[0046] In some embodiments, the 1nitial active cathode material comprises NaMnO;
(birnassite structure) optionally doped with one or more metals, such as Li or Al.

[0047] In some embodiments, the 1nitial active cathode material comprises A-MnQO;, (1.¢.,
the cubic 1somorph of manganese oxide) based material, optionally doped with one or more
metals, such as L1 or Al.

[0048] In these embodiments, cubic spinel A-MnO, may be formed by first forming a

[1thium containing manganese oxide, such as lithium manganate (e.g., cubic spinel LiMn;04)
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or non-stoichiometric variants thercof. In embodiments which utilize a cubic spinel A-MnQO,
active cathode material, most or all of the L1 may be extracted electrochemically or
chemically from the cubic spinel LiMn;04 to form cubic spinel A-MnQO; type material (1.¢.,
material which has a 1:2 Mn to O ratio, and/or in which the Mn may be substituted by
another metal, and/or which also contains an alkali metal, and/or in which the Mn to O ratio
1s not exactly 1:2). This extraction may take place as part of the 1nitial device charging cycle.
In such instances, Li-1ons are deintercalated from the as-formed cubic spinel LiMn,;04 during
the first charging cycle. Upon discharge, Na-ions from the electrolyte intercalate into the
cubic spinel A-MnQO,. As such, the formula for the active cathode material during operation 1s
Na,L1,Mn,04 (optionally doped with one or more additional metal as described above,
preferably Al), with 0<x<I, 0<y<I, and x+y=1.1. Preferably, the quantity x+y changes
through the charge/discharge cycle from about 0 (fully charged) to about 1 (fully discharged).
However, values above 1 during full discharge may be used. Furthermore, any other suitable
formation method may be used. Non-stoichiometric Li,Mn,04 materials with more than 1 Li
for every 2 Mn and 40 atoms may be used as initial materials from which cubic spinel A-
MnO, may be formed (where 1=x<1.1 for example). Thus, the cubic spinel A-manganate
may have a formula Al,LixMn,_,04 where 1=x<1.1 and 0=z<0.1 before use, and
Al,LixNa;Mn,04 where 0=x<1.1, 0=x<1, 0=x+y<l1.1, and 0=z<0.1 in use (and where Al
may be substituted by another dopant).

[0049] In some embodiments, the 1nitial cathode material comprises Na,Mn3;0O-,
optionally doped with one or more metals, such as Li or Al.

[0050] In some embodiments, the initial cathode material comprises Na,FePO4F,
optionally doped with one or more metals, such as Li or Al.

[0051] In some embodiments, the cathode material comprises orthorhombic NaMgO g,
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optionally doped with one or more metals, such as L1 or Al. This active cathode material
may be made by thoroughly mixing Na,CO3; and Mn,0s to proper molar ratios and firing, for
example at about 800° C. The degree of Na content incorporated into this material during
firing determines the oxidation state of the Mn and how 1t bonds with O, locally. This
material has been demonstrated to cycle between 0.33<x<0.66 for NayMnQO, 1n a non-
aqueous clectrolyte. Alternatively, the cathode material comprises LiMn,04 and the
clectrolyte comprises L1,SO;.

[0052] Optionally, the cathode electrode may be 1n the form of a composite cathode
comprising on¢ or more active cathode materials, a high surface area conductive diluent (such
as conducting grade graphite, carbon blacks, such as acetylene black, non-reactive metals,
and/or conductive polymers), a binder, a plasticizer, and/or a filler. Exemplary binders may
comprise polytetratfluoroethylene (PTFE), a polyvinylchloride (PVC)-based composite
(including a PVC-S10, composite), cellulose-based materials, polyvinylidene fluoride
(PVDF), hydrated birnassite (when the active cathode material comprises another material),
other non-reactive non-corroding polymer materials, or a combination thercof. A composite
cathode may be formed by mixing a portion of one or more preferred active cathode materials
with a conductive diluent, and/or a polymeric binder, and pressing the mixture into a pellet.
In some embodiments, a composite cathode electrode may be formed from a mixture of about
50 to 90 wt % active cathode material, with the remainder of the mixture comprising a
combination of one or more of diluent, binder, plasticizer, and/or filler. For example, 1n some
embodiments, a composite cathode electrode may be formed from about 80 wt % active
cathode material, about 10 to 15 wt % diluent, such as carbon black, and about 5 to 10 wt %
binder, such as PTFE.

[0053] One or more additional functional materials may optionally be added to a
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composite cathode to increase capacity and replace the polymeric binder. These optional
materials include but are not limited to Zn, Pb, hydrated NaMnOQO, (birnassite), and
NasMnyO,s (orthorhombic tunnel structure). In instances where hydrated NaMnO,
(birnassite) and/or hydrated Nag 44MnQO; (orthorhombic tunnel structure) 1s added to a
composite cathode, the resulting device has a dual functional material composite cathode.

A cathode electrode will generally have a thickness 1n the range of about 40 to 800 um.

Current Collectors

[0054] In embodiments of the present invention, the cathode and anode materials may be
mounted on current collectors. For optimal performance, current collectors are desirable that
are clectronically conductive and corrosion resistant in the electrolyte (aqueous Na-cation
containing solutions, described below) at operational potentials.

[0055] For example, an anode current collector should be stable 1n a range of
approximately —1.2 to —0.5 V vs. a standard Hg/Hg,SO4 reference electrode, since this 1s the
nominal potential range that the anode half of the electrochemical cell 1s exposed during use.
A cathode current collector should be stable 1n a range of approximately 0.1 to 0.7 V vs. a

standard Hg/Hg,SO, reference electrode.

[0056] Suitable uncoated current collector materials for the anode side include stainless
steel, N1, N1Cr alloys, Al, T1, Cu, Pb and Pb alloys, refractory metals, and noble metals.
[0057] Suitable uncoated current collector materials for the cathode side include stainless
steel, N1, N1Cr alloys, Ti1, Pb-oxides (PbOy), and noble metals.

[0058] Current collectors may comprise solid foils or mesh materials.

[0059] Another approach 1s to coat a metal foil current collector of a suitable metal, such
as Al, with a thin passivation layer that will not corrode and will protect the foil onto which it

1s deposited. Such corrosion resistant layers may be, but are not limited to, TiIN, CrN, C, CN,
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Ni1Zr, NiCr, Mo, T1, Ta, Pt, Pd, Zr, W, FeN, CoN, etc. These coated current collectors may
be used for the anode and/or cathode sides of a cell. In one embodiment, the cathode current
collector comprises Al foil coated with TiN, FeN, C, or CN. The coating may be
accomplished by any method known 1n the art, such as but not limited to physical vapor
deposition such as sputtering, chemical vapor deposition, electrodeposition, spray deposition,
or lamination.

Electrolyte

[0060] Embodiments of the present invention provide a secondary (rechargeable) energy
storage system which uses a water-based (aqueous) electrolyte, such as an alkali based (e.g.,
L1 and/or Na-based) or alkaline earth based aqueous electrolyte. Use of Na allows for use of
much thicker electrodes, much less expensive separator and current collector materials, and
benign and more environmentally friendly materials for electrodes and electrolyte salts.
Additionally, energy storage systems of embodiments of the present invention can be
assembled 1 an open-air environment, resulting 1in a significantly lower cost of production.
[0061] Electrolytes useful in embodiments of the present invention comprise a salt
dissolved fully in water. For example, the electrolyte may comprise a 0.1 M to 10 M solution
of at least one anion selected from the group consisting of SO42_, NO; |, ClO, , PO43_, C032_,
Cl , and/or OH . Thus, Na cation containing salts may iclude (but are not limited to)
Na,SO,4, NaNOs, NaClO,4, NasPO4, Na,CO3, NaCl, and NaOH, or a combination thereof.
[0062] In some embodiments, the electrolyte solution may be substantially free of Na. In
these instances, cations 1n salts of the above listed anions may be an alkali other than Na
(such as L1 or K) or alkaline earth (such as Ca, or Mg) cation. Thus, alkali other than Na
cation containing salts may include (but are not limited to) L1,S0,4, LINO3, L1C104, L15POy,,

L1,CO3, L1Cl, and L10OH, K,SO4, KNO3, KC104, K5;P0O,4, K,CO3, KCl, and KOH. Exemplary
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alkaline earth cation containing salts may include CaSQ4, Ca(NOs3),, Ca(ClO4),, CaCOs3, and
Ca(OH),, MgS0O4, Mg(NO3),, Mg(ClO4),, MgCO3, and Mg(OH),. Electrolyte solutions
substantially free of Na may be made from any combination of such salts. In other
embodiments, the electrolyte solution may comprise a solution of a Na cation contaming salt
and on¢ or more non-Na cation containing salt.

[0063] Molar concentrations preferably range from about 0.05 M to 3 M, such as about
0.1 to 1 M, at 100° C for Na,SO,4 1n water depending on the desired performance
characteristics of the energy storage device, and the degradation/performance limiting
mechanisms associated with higher salt concentrations. Similar ranges are preferred for other
salts.

[0064] A blend of different salts (such as a blend of a sodium containing salt with one or
more of an alkali, alkaline earth, lanthanide, aluminum and zinc salt) may result in an
optimized system. Such a blend may provide an electrolyte with sodium cations and one or
more cations selected from the group consisting of alkali (such as L1 or K), alkaline earth
(such as Mg and Ca), lanthanide, aluminum, and zinc cations.

[0065] The pH of the electrolyte may be neutral (e.g., close to 7 at room temperature,
such as 6.5 to 7.5). Optionally, the pH of the ¢lectrolyte may be altered by adding some
additional OH — 10nic species to make the electrolyte solution more basic, for example by
adding NaOH other OH containing salts, or by adding some other OH concentration-
affecting compound (such as H,SO,4 to make the electrolyte solution more acidic). The pH of
the electrolyte affects the range of voltage stability window (relative to a reference electrode)
of the cell and also can have an effect on the stability and degradation of the active cathode
material and may inhibit proton (H") intercalation, which may play a role in active cathode

material capacity loss and cell degradation. In some cases, the pH can be increased to 11 to
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13, thereby allowing different active cathode materials to be stable (than were stable at
neutral pH 7). In some embodiments, the pH may be within the range of about 3 to 13, such
as between about 3 and 6 or between about 8 and 13.

[0066] Optionally, the electrolyte solution contains an additive for mitigating degradation
of the active cathode material, such as birnassite material. An exemplary additive may be,
but 1s not limited to, Na,HPQOj4, 1n quantities sufficient to establish a concentration ranging

from 0.1 mM to 100 mM.

Separator

[0067] A separator for use 1n embodiments of the present invention may comprise a
woven or non-woven cotton sheet, PVC (polyvinyl chloride), PE (polyethylene), glass fiber
or any other suitable material.

[0068] Figure 3 illustrates embodiment of an clectrochemical energy storage system 100.
In this embodiment, the electrochemical energy storage system 100 comprises a bipolar stack
101 of electrochemical cells 102 according to another embodiment. In contrast to
conventional stacks of electrochemical cells which include separate anode side and cathode
side current collectors, 1n one embodiment, the bipolar stack 100B operates with a single
oraphite sheet current collector 110 located between the cathode electrode 106 of one
clectrochemical cell 102 and the anode electrode 104 of an adjacent electrochemical cell 102.
Thus, bipolar stack 100B only uses half as many current collectors as the conventional stack
of electrochemical cells.

[0069] In an embodiment, the bipolar stack 101 1s enclosed m an outer housing 116 and
provided with conducting headers 118 on the top and bottom of the bipolar stack 101. The
headers 118 preferably comprise a corrosion resistant current collector metal, including but

not limited to, aluminum, nickel, titanium and stainless steel. Preferably, pressure 1s applied
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to the bipolar stack 101 when assembled. The pressure aids 1in providing good seals to
prevent leakage of electrolyte.

[0070] Figure 4A 1llustrates an embodiment of an electrochemical energy storage system
100 according to an embodiment. The electrochemical energy storage system 100 includes a
stack 101 of cells 102. The stack 101 of cells 102 may include 2, 4, 6, 8, or more cells 102.
The stack 101 may then be enclosed 1n a housing 116. The top and bottom contacts 120
extend out of the housing 116 and provide a path for electricity to flow in and out of the cell
102.

[0071] In this embodiment, the electrochemical energy storage system 100 preferably
includes multiple stacks 101 of cells 102. As illustrated, the electrochemical energy storage
system 100 mncludes 8 stacks of cells 102, however, any number of stacks 101, such as 1, 2, 3,
4,5, 6,7, 8 or 10 may be fabricated. Larger eclectrochemical energy storage systems 100
having 20, 40, 50, 100 or 1000 stacks may also be fabricated. In an embodiment, all of the
cells 102 1n a stack 101 are connected 1n parallel while the stacks 101 are connected to each
other 1n series. In other embodiments, one or more stacks 101 may be connected 1n parallel.
In this manner, high voltages, such as hundreds or thousands of volts can be generated.

[0072] Figure 4B 1llustrates another embodiment of an electrochemical energy storage
system 100. In this embodiment, two or more of the electrochemical energy storage systems
100 1llustrated 1in Figure 4A are connected 1n series. In this configuration, very large voltages
may be conveniently generated. In an alternative embodiment, two or more of the
clectrochemical energy storage systems 100 1llustrated in Figure 4A are connected 1n parallel.
In this configuration, large currents may be provided at a desired voltage.

[0073] Figure 5 shows data from a stack 101 of 10 cells 102 made with non-perfectly

matched units cycled for many cycles. The cathode electrode 3 was made from A-MnQO, and
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the anode clectrode 9 was made from activated carbon. These cells are designed for 0.6 to
1.8V/cell operation. The anode clectrode 9 had a charge storage capacity that was 90% of the
capacity of the cathode electrode 3. For the first 34 cycles, the stack 101 was charged at 18
volts (1.8 volts/cell). The stack 101 was then charged at 19 volts (1.9 V/cell) for 11 cycles
followed by 20 volts (2.0V/cell) for 5 cycles. After 50 cycles, the data show that even though
the aqueous cell voltage 1s higher than the expected stability window of water (1.23 V at

25 C), the stack 101 of cells 102 can be stably cycled. The data show no loss of function (no
loss of capacity) through 50 cycles. This cannot be done for cells that are cathode limited
(where the overpotential condition manifests at the cathode 3). This 1s because 1f the cell 102
was cathode limited, there would be oxygen evolving at the cathode 3 that would contribute
to significant active material (metal oxide cathode) corrosion, leading to eventual failure of
the cell 102.

[0074] Figures 6A and 6B are data plots from a non-limiting, exemplary device according
to an embodiment of the invention which 1llustrate the effect of the anode to cathode mass
ratio. In the exemplary cell, the anode active material (1.¢., activated carbon) mass 1s 0.23 g
and the cathode active material (1.¢., metal oxide) mass 1s 0.66 g. The weight ratio of the
anode to cathode mass 1s about 1 to 2.8 (1.¢., less than 1). The cell dimension 1s 1.9 cm
diameter, 0.35 cm thick anode, and 0.14 cm thick cathode.

[0075] As shown 1n Figure 6A, this configuration provides over 40 Wh/kg in specific
energy and nearly 30 Wh/l in energy density for the electrode stack volume 1n which
packaging 1s not included. Furthermore, the data in Figure 6B shows the good stability of the
hybrid storage device. The capacity gets better as the device 1s cycled, which indicates that
the electrode materials are not breaking down.

[0076] Figure 6C 1llustrates a Ragone plot from a prior art device shown 1n figure 6 of an

1-



CA 02841558 2014-01-13
WO 2013/012830 PCT/US2012/046995

article by Wang ct al., Journal of The Electrochemical Society, 153 (2) A450-A454 (2006), in
which the best activated carbon anode to LiMn,O, cathode mass ratio was 2:1. The best
energy density of this prior art device was just over 30 Wh/kg at similar low rates. Thus, the
exemplary device provides about 30% more energy (1.¢., 40 vs. 30 Wh/kg) by using the
anode stored hydrogen mechanism and an anode : cathode mass ratio of less than 1:1, such as
less than 1:2, for example 1:2.5to 1.4 (e.g., 1 : 2.8).

[0077] Figure 7A 1s a cyclic voltammogram that shows the increase 1n storage
capacitance (1n Farads/g) as a result of generating local hydrogen, storing it, and then
releasing 1t. Specifically, plot 201 1s a plot of activated carbon cycled to only -1.2 V vs.
SME. This 1s a potential range where little to no hydrogen will be evolved, and the specific
capacitance of plot 201 1s lower than that for plot 203 which shows the behavior of the
carbon when 1t 1s taken to -1.6 V vs. SME. In this potential range, hydrogen 1s evolved and
the specific capacitance of the material 1s increased from a maximum of about 80 F/g to a
maximum of over 100 F/g (on the positive or cathodic sweep). The added capacitance 1s
attributed to the storage and subsequent consumption of hydrogen that 1s generated at the
clectrode under more extreme potentials. In this non-limiting example, the anode active
material 18 activated carbon, then electrolyte 1s 1 M aqueous Na,SOy, the sweep rate 18 5
mV/second, and the reference electrode 1s Hg/Hg,SO,4 1n sulfuric acid.

[0078] Figure 7B 1s a cyclic voltammogram similar to that in Figure 7A, except that the
anode includes activated carbon containing 1 mass percent nickel hydroxide (hydrogen
storage material) added to the surface of the activated carbon. When this composite anode
sample 1s tested under the same conditions described above with respect to Figure 7A, good
specific capacitance values are observed. Furthermore, distinct features on the plot are

believed to be consistent with hydrogen storage mechanism associated with Ni1-OH
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compounds. This 1s believed to be evidence that hydrogen 1s being evolved, stored and
released at the expected potential ranges 1n this neutral pH solution of 1 M Na;SOy4.

[0079] Thus, 1t 1s believed that Figures 7A and 7B serve as examples that show the anode
stored hydrogen mechanism functioning 1n the same environment created 1n the hybrid device
within the anode electrodes, such as during the above described overcharge condition.
Furthermore, the anode stored hydrogen mechanism 1s more pronounced for long charge /
discharge cycles (e.g., >1 hour cycles, such as 2 -12 hour cycle). In contrast, this mechanism
may not be observed in the quick “supercapacitor” type cycles (e.g., a few seconds to a few
minutes) of prior art hybrid devices, such as the 200-920 second cycles of the Wang et al.
article mentioned above.

[0080] Although the foregoing refers to particular preferred embodiments, 1t will be
understood that the invention 18 not so limited. It will occur to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the invention. All of the publications,
patent applications and patents cited herein are incorporated herein by reference 1n their

entirety.
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WHAT IS CLAIMED IS:

1. An electrochemical storage device comprising:
a plurality of hybrid electrochemical cells connected clectrically 1in series, wherein
cach cell comprises:
a negative anode electrode;
a positive cathode electrode; and
an aquecous clectrolyte,
wherein the charge storage capacity of the anode clectrode 1s less than the charge
storage capacity of the cathode; and
wherein water 1n the electrolyte locally electrolyzes to form hydrogen and OH
species at the anode electrode of at least one of the plurality of cells when the charge storage

capacity of the anode clectrode 1s exceeded on charging the at least one cell.

2. The device of claim 1, wherein:

the device comprises a hybrid energy storage device;

the cathode electrode 1n operation reversibly intercalates alkali metal cations; and

the anode clectrode comprises a capacitive electrode which stores charge through a
reversible nonfaradiac reaction of alkali metal cations on a surface of the anode electrode or a
pscudocapacitive electrode which undergoes a partial charge transfer surface interaction with

alkali metal cations on a surface of the anode electrode.

3. The device of claim 2, wherein the anode electrode comprises high surface arca
carbon that has been modified to have more than 120 F/g in 1 M Na,SO4 under anodic

biasing conditions.
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4. The device of claim 1, wherein the anode clectrode charge storage capacity
comprises the capacity available before water begins electrolysis at the anode

clectrode/electrolyte interface.

5. The device of claim 2, wherein the cathode electrode comprises a material
having a formula A\M;0,, where A 1s one or more of L1, Na, K, Be, Mg, and Ca, where x
1s within a range of 0 to 1, before use and within a range of 0 to 10, during use; M
comprises any one or more transition metals, where y 18 within a range of 1 to 3, and z 18

within a range of 2 to 7, the anode clectrode comprises activated carbon and the electrolyte

comprises SO4°, NOs , ClO4 , POs°, COs*, Cl, or OH anions.

6. The device of claim 5, wherein the cathode clectrode comprises a doped or
undoped cubic spinel A-MnQO,-type material or a Nay44MnQO; tunnel structured orthorhombic
material, the anode eclectrode comprises activated carbon and the clectrolyte comprises at

least one of Na,SQO, or L1,SO4 solvated in water.

7. The device of claim 1, wherein:

the OH species increase a pH proximal to the anode electrode surface and wherein
the increase 1n pH lowers the voltage stability window of the electrolyte locally, thereby
reducing or eliminating further hydrogen evolution; and

the hydrogen species formed on charging of the at least one cell combines with the

OH' species upon discharging of the same at least one cell.

8. The device of claim 7, wherein at least a portion of the hydrogen species

formed on charging of the at least one cell 1s stored 1n, on or at the anode ¢lectrode.
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9. The device of claim 8, wherein the anode electrode comprises a composite

clectrode containing an activated carbon active material and a hydrogen storage material.

10. The device of claim 1, wherein:

a first cell of the plurality of cells 1n the device comprises a lower charge storage
capacity as manufactured than a second cell of the plurality of cells 1n the device;

the first cell experiences overcharge and undercharge conditions during
discharging and charging; and

the device lacks a cell level voltage monitoring and a current control circuit.

11. The device of claim 1, wherein the device comprises a plurality of strings of
cells, each string of cells comprising a plurality cells connected 1n series with no a call

level battery management system.

12. The device of claim 1, wherein:

the storage capacity of the anode clectrode available before water begins
clectrolysis at the anode electrode/electrolyte interface 1s 50-90% of the charge storage
capacity of the cathode e¢lectrode;

a mass ratio of the anode electrode to the cathode electrode 1s less than 1; and

a product of a specific capacity of the anode electrode and a load of the anode
clectrode 1s less than a product of a specific capacity of the cathode electrode and a load of

the cathode electrode.

13. A method of operating an electrochemical energy storage device, comprising:
charging and discharging a plurality of aqueous electrolyte hybrid electrochemical

cells connected electrically 1n series;
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wherein:

on charging, water 1n the aqueous clectrolyte electrolyzes to form hydrogen and OH
species at an anode electrode of at least one of the plurality of cells when a charge storage
capacity of the anode electrode of the at least one cell 1s exceeded on charging the at Ieast one
cell, the OH species increase a pH proximal to the anode electrode surface, and the increase
in pH lowers a voltage stability window of the electrolyte, thereby reducing or eliminating
further hydrogen evolution; and

on discharging, the hydrogen species formed on charging of the at least one cell

combines with the OH™ species.

14. The method of claim 13, wherein:

cach of the plurality of cells comprises an anode electrode, a cathode electrode and an
aqueous clectrolyte; and

the charge storage capacity of the anode electrode 1s less than the charge storage

capacity of the cathode electrode 1in each of the plurality of cells.

15. The method of claim 14, wherein:

cach cell comprises a secondary hybrid aqueous energy storage cell;

the cathode electrode 1n operation reversibly intercalates alkali metal cations; and

the anode clectrode comprises a capacitive electrode which stores charge through a
reversible nonfaradiac reaction of alkali metal cations on a surface of the anode electrode or a
pscudocapacitive electrode which undergoes a partial charge transfer surface interaction with

alkali metal cations on a surface of the anode electrode.

16. The method of claim 15, wherein:
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the storage capacity of the anode electrode available before water begins electrolysis
at the anode clectrode/electrolyte interface 1s 50-90% of the charge storage capacity of the
cathode electrode;

a mass ratio of the anode electrode to the cathode electrode is less than 1; and

a product of a specific capacity of the anode electrode and a load of the anode
clectrode 1s less than a product of a specific capacity of the cathode electrode and a load of

the cathode electrode.

17. The method of claim 15, wherein the cathode electrode comprises a doped or
undoped cubic spinel A-MnQO,-type material or a NaMnoO;g tunnel structured orthorhombic
material, the anode clectrode comprises activated carbon, the eclectrolyte comprises a
combination of on¢ or more alkali cations and SO4 anion species solvated 1n water, and a cell

level voltage 1s not monitored or controlled.

18. The method of claim 13, wherein at least a portion of the hydrogen species

formed on charging of the at least one cell 1s stored 1n, on or at the anode ¢lectrode.

19. The method of claim 18, wherein the anode electrode comprises a composite
clectrode containing an activated carbon active material and a hydrogen storage material
and wherein at least a portion of the hydrogen species formed on charging of the at least

on¢ cell 1s stored 1n, on or at the hydrogen storage material.

20. The method of claim 18, wherein the steps of charging and discharging have a

cycle time of at greater than 1 hour.
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21. The method of claim 17, comprising charging the storage device at a voltage 1.5
times greater or 0.8 volts higher than a voltage at which electrolysis of the water at the anode

electrode 1s 1nitiated.
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