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Abstract:

Electrochemical devices including electrochemically-driven carbon dioxide separators are disclosed,
the devices including electrodes comprised of an anion exchange polymer and a charge storage
compound such as nickel hydroxide and a membrane comprising an anion exchange poiymer, the
membrane having a channel for inflow of a carbon dioxide-containing gas within the membrane.
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ELECTROCHEMICALLY DRIVEN CARBON DIOXIDE SEPARATOR

CROSS REFERENCE TO RELATED APPLICATIONS
[B801] This application claims the benefit of United Siales Provisional Appl. No.
63/027,780 filed May 20, 2020, the entire disclosure of which is herein incorporated by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[06002] This invention was made with Government support under grant DE-
ARDOQ1034 awarded by Advanced Research Frojects Agency — Energy {ARPA-E),
U.8. Department of Energy. The Government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] Electrochemical devices, particularly electrochemically driven carbon
dioxide separators {EDCS) also known as external-current electrochemical pumps
{eECP) are disclosed. The EDRCS can be used in methods for separating carbon
dioxide from air.

BACKGROUND GF THE INVENTION

[0004] Emissions of carbon dioxide (CQsz) from combustion of fossil fuels and
other sources are causing a buildup of CO:2 in the atmosphere, leading to climate
change with costly consequences for all societies. While carbon-neutral replacements
are viable for many uses of fossil fuels, some applications have few econaomically viable
alternatives. For these applications, the continued use of carbon-based fuels can be
offset by capturing COz and sither sequestering the COz underground, or using the GOz
with renewable energy to make the fuels in a carbon-neutral manner. Large-scale point
sources of CO: emissions can be captured from relatively concenidrated streams.
However, for distributed uses of fossil fuel, such as in transportation and space heating,
CO: emissions cannot be captured at the point of use.

[6008] Direct air capture (DAC) of CO: from the atmosphere can be used {o
offset distributed sources of COz emissions. in addition, DAC has the potential to

remove previous GOz emissions from the almosphere, in a case where society has

1
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overshot a folerable Jevel of COz in the atmosphere. Existing technologies for DAC are
primarily focused on thermal and pressure-based separations using sorbents or
solvents.

[0006] An EDCE uses an electrochemically generated fiux of hydroxide anions to
separate COz from a gas mixiure. CO; reacts with strong bases like hydroxide anions
to form carbonate and bicarbonate anions.

COy+ OH™ =& HCOS {1]

HCO; + 0OH7 @ COF + Hy0 2]
In an EDCS, hydroxide anions are generated at the cathode and react with CO:z from a
mixed gas stream. The resulling carbonate and bicarbonate anions are
electrochemically driven 1o the anode, where consumption of hydroxide causes a drop
in pH. The drop in pH shifts the equilibrium of equations 1 and 2 o favor gaseous COg,
allowing COz fo be concentrated to a much higher partial pressure than in the mixed
gas stream from which it was removed.

[6007]in principle, any pair of electrochemical reaclions that produce and
consume hydroxide anions may be used for the cathode and anode of the EDCS.
Pravious examples of EDCS are based on the reactions of hydrogen, oxygen, and
watler, namely oxygen reduction reaction (ORR) or hydrogen evolution reaction (HER)
for the cathode and oxygen svolution reaction (OER}) or hydrogen oxidation reaction
{HOR) for the anode. Rigdon, W. A st al. (2017). Journal of Electrochamical Energy
Conversion and Storage, 14(2), p. 020701; Landon, J. & Kitchin, J. R, d. Electrochem.
Soc. 157, B1149 {2010); Pennling, H. W. et al. Fuel 89, 13071314 (2010}, Winnick, J.
Chem. Eng. Prog. 86, 4145 {1890); Winnick, J. Electrochem. Sci, Eng. 1, 205-248
{1990); Li, K. & Li, N. Sep. Sci. Technaol. 28, 10851080 (1883).For the application of
DAC, the four reactions of hydrogen, oxygen, and water are poorly suitad for several
reasons. ORR is a convenient cathode reaction, given the oxygen in air, but the kinglic
overpotential needed to drive ORR raises the energy consumption significantly. HER
nvolves the production of a hydrogen coproduct at the cathode, which would usually be
iost to the air stream, representing a significant waste of energy. HOR as an anods
reaction requires a supply of hydrogen, which is ensrgy-intensive and expensive o

produce, relative {0 the value of captured CO:. Finally, OER as an anode reaction
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requires a large kinstic overpotential and results in CO: produced as a mixture with the
oxvgen coproduct, which then requiras an additional downstream separation.

[0008] Therefore, a need exists for a more efficient and cost-effective device and
method for removing carbon dioxide from air.

BRIEF SUMMARY OF THE INVENTION

[0009] The present disclosure s directed to an electrochemically-driven carbon
diaxide separator (EDCS) for separating carbon dioxide from a carbon dioxide-
containing gas. The EDCS comprises a cell. The cell comprises! two electrodes that
are capable of acting as an anode or a cathode, the two electrodes comprising a
charge storage compound and an anion exchange polymer, the charge storage
compound being capable of reacting to form hydroxide when acling as the cathode and
reacting to consume hydroxide when acting as the anode; a membrane adjacent 1o and
separating the two elecitrades, the membrane comprising an anion exchange polymer;
a channel adapted for inflow of a carbon dioxide-containing gas within the membrane; a
channel adapted for outflow of carbon dioxide and defining an opening in contact with
the electrode serving as the anode; and a channe!l adapted for outflow of carbon
dioxide and defining an opening in contact with the electrode serving as the cathode.
The cell is adapled such that in operation: the hydroxide produced at the electrode
serving as the cathode is transported inte the membrane; the carbon dioxide-containing
gas is contacted with the membrane and the carbon dioxide reacts with the hydroxide
ions to form bicarbonate ions, carbonate ions, or bicarbonate and carbonate iong; the
bicarbonate ions, carbonate ions, or bicarbonate and carbonate iong are transported {o
the electrode serving as the anode through the membrane; the bicarbonate ions,
carbonate ions, or bicarbonale and carbonate ions react at the electrode acting as the
anode to form carbon dioxide and water; and the carbon dioxide is emitted from the
EDCS through the channel adapted for outflow of carbon dioxide of the electrode
serving as the anode.

[0010] Another aspect of the prasent disclosure is directed 1o an
electrochermically-driven carbon dioxide separator (EDCS) for separating carbon
dioxide from a carbon dioxide-containing gas. The EDCS comprises a cell. The cell
comprises: two electrodes that are capable of acting as an anode or a cathode, the two
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electrades comprising nickel hydroxide optionally in a partially oxidized state and an
anion sxchange polymer, the nickel hydroxide being capable of reacting o form
hydroxide when acling as the cathode and reacting to consume hydroxide when acting
as the anode; a membrane adjacent to and separating the two electrodes, the
membrane comprising an anion exchange polymer; a channel adapied for outflow of
carbon dioxide or inflow of a carbon dioxide-containing gas and defining an opening in
contact with the electrode serving as the anode; and a channel adapted for outflow of
carbon dioxide or inflow a carbon dioxide-containing gas and defining an opening in
contact with the electrode serving as the cathode. The cell is adapied such that in
operation: hydroxide is produced at the electrode serving as the cathode; the carbon
dioxide-containing gas is contacted with the electrode serving as the cathode and the
carbon dioxide reacts with the hydroxide ions to form bicarbonate ions, carbonate ons,
or bicarhonate and carbonate ions; the bicarbonate ions, carbonate ions, or bicarbonate
and carbonate ions are transported {o the electrode serving as the anode through the
mambrane; and the bicarbonate ions, carbanate ions, of bicarbonate and carbonate
ions react at the electrode acting as the anode to form carbon dioxide and water.

[0011] The EDCS can further comprise a power supply for supplying a current
flow to the electrodes, wherein the power supply is adapted to alternately reverse the
direction of current flow, thereby aliowing sach electrode to act, in turmn, as the anode
and as the cathode. Alternatively, the EDCS can further comprise a power supply for
supplying a current flow to the electrodes; and an elactrical switch coupled to the power
supply and the electrodes; wherein the electrical switch is adapted 1o alternatsly
reverse the direction of current flow, thereby allowing each electrode to act, in tumn, as
the anode and as the cathode.

[0012] The EDCS can further comprise a current collector adjacent to each of the
electrodes.

[6013] The charge storage compound can comprise a metal hydroxide, a metal
oxyhydroxide, a metal oxide, or a hydrogen storage alloy. For example, the charge
storage compound can comprise nickel! hydroxide, manganease dioxide, nickel
hydroxide in a partially-charged state, or lanthanum nickel hydride. Preferably, the
charge storage compound comprises nickel hydroxide, or nickel hydroxide i a partially-
charged state.
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[6014] The EDCS can further comprige an lonomer layer between the mambrane
and each of the two electrodes that sxtends along an end of aach of the two electrodes
to the current collector, the jonomer layer being adapted to seal carbon dioxide
released from the electrode serving as the anode within the electrode serving as the
anode and the channel for outflow of carbon dioxide from the electrode serving as the
anode,

[0015] The lonomer layer can comprise an anion exchange polymer.

[0016] The anion exchange polymer of the two electrodes, the anion exchange
potymer of the membrane and/or the anion exchangs membrane of the ionomaer layer
independently can comprise quaternary ammonium or imidazolium groups and a
polymer backbone not having ether groups.

[0017] The anion exchange polymer of the two electrodes, the anion exchange
polymer of the membrane and/or the anion exchange meambrane of the ionomer layer
independently can comprise poly(aryl piperidinium;), alkylammonium-functionalized
polv{ary! alkylene), substituted-imidazolium-~funchonalized poly(aryl alkyiene),
atkylammonium-functionalized poly{styrene), substituted-imidazolivm-functionalized
poly{styrena}, alkylammonium-functionalized poly{styrens-co-divinylbenzensa},
substituted-imidazolium-functionalized poly{styrene-co-divinylbenzene),
atkvlammonium-functionalized poly{styrens-black-ethylene-co-butadiene-block-
styrene), substituted-imidazolium-functionalized, poly{styrene-block-gthylene-co-
butadiene-block-styrene), alkylammonium-functionalized poly(ethylene), substituted-
imidazolium-functionalized poly{ethylene}, alkylammonium-functionalized
poly{tetrafluoroethyiene), substituted-imidazolium-functionalized
poly{tetrafluoroethyiene), alkylammonium-funclionalized poly(ethylene-co-
tetrafluoroethyiene), substituted-imidazolium-functionalized poly{ethyieng-co-
tetrafluorcethylene), polyethyleneimine, poly(diallyl ammonium]},
polydiallyldimethyiammonium, or a combination thereof.

[0018] The anion exchange palymer of the two electrodes, the anion exchange
polymer of the membrane and/or the anion exchange membrane of the ionomer layer
independently can comprise poly{aryl pipernidinium}.

[0019] The anion exchange polymer of the ionomer layer can comprise
polydiallyldimethyammaonium.
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[0020] The membrane can comprise a plurality of the channael for inflow of the
carbon dioxide-containing gas within the membrane.

[0021] The membrane can comprise void volume for diffusion of the carbon
dioxide-containing gas through the membrane.

[0022] The cell can further comprise a check valve configured to emit carbon
dioxide produced within the electrode serving as the ancde from the EDCS through the
channet for cutflow of carbon dioxide from the electrode serving as the anode. Two
such check valves can be in the EDCE since either of the two electrodes will serve as
the anode during the cyclic operation of the EDCS.

[0023] The EDCS can further comprise a fan for blowing the carbon dioxide-
containing gas through the channel for inflow of the carbon dioxide-containing gas
within the membrane.

[08024] The carbon dioxide-cantaining gas can comprise air.

[0025]} The EDCS can further comprise a stack comprised of one or more
additional cells electrically connected in series; and a manifold adapted for outflow of
carbon dioxide from each of the electrodes serving as the anode.

[0026] The ionomer layer can surround each of the two electrodes and the
channels for cutflow of carbon dioxide.

[8027] The current collector can comprise a bipolar plate between each cell
instead of two current collector plates, and a current collector plate af each end of the
stack.

[0028] The bipolar plate can be configured {o provide the channels for outfiow of
carbon dioxide. The channels for outflow of carbon dioxide can be perpendicular to the
bipolar plate and the electrodes,

[0028] Another aspect of the present disclogure is direcied 10 a battery system
comprising a metal-air battery and the EDCS as described above, wherein the carbon
dioxide-containing gas s air and after the air is supplied to the EDCS to reduce the
concentration ¢of the carbon dioxide, the air having the reduced concentration of carbon
dioxide is directed to a cathode inlet of the metal-air baltery.

[0030] Yet another aspect of the present disclosure is directed to a method for

separating carbon dioxide from a carbon dioxide-containing gas. The method
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comprises supplying the EDCS as described above with the carbon dioxide-containing
gas; and driving electrical current through the EDCS.

[0031] The electrical current can be driven through the EDCS in a first phase in
which cne of the two electrodes serves as the anode and the other of the two
electrodes serves as the cathode and a second phase in which current is driven so that
the one of the two electrodes serves as the cathode and the other of the two electrades
serves as the anode.,

[0032] Voltage of the EDCS can be monitored at a constant current so that each
of the first and second phases is confinued for a sufficient ime {o convert maost or aill of
the nicke! hydroxide in the anode to nickel oxyhydroxide and to convert most or all of
the nickel oxyhydroxide in the cathode {o nickel hydraxide before polarity of the cell or
celis is reversed. For example, the polarity of the cell or cells can be reversed when the
voltage of the EDCS is inn the range of about 0.5 to about 1.0 V per call.

[0033] The method can further comprise monitoring a ratio of nickel
oxyhydroxide to total nickel hydroxide and nickel oxyhydroxide for the two electrodes
combined, which when multiplied by 100 indicates a cell-average state of charge
{SOC), and triggering an intervention when the ratio reaches a desired threshold value
set below 0.5 or the cell-average SOC reaches a desired threshold value below 50%.

[8034] The method can further comprise monitoring a total charge passed in
each of the first and second phases, and triggering an intervention when the fotal
charge passed in one of the first and second phases falls below a predetermined
fraction of nominal electrode capacity.

[8035] The intervention can comprise extending the phase of operation until a
higher voltage threshold value is reached. For example, the higher voltage threshoid
can be in the range of about 1.0 to about 2.0 V per cell.

[0036] The intervention can comprise extending the phase of operation until a
predetermined amount of charge is passed. For example, the predetermined amount of
charge can range from about 80% to about 120% of nominal electrode capacity.

[0037] The intervention can comprise supplying oxvgen of air {o the cathode o
factitate an oxygen reduction reaction.

[0038] The intervention can comprise applying current to the EDCS 1o facilitate a
hydrogen evolution reaction.
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[8038] Other objects and features will be in part apparent and in part pointed out
herginafter.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

[0C401FIG. 1 is a schematic representation of the EDCS in one phase of
operation, including the chemical reactions and major species involved.

[0041]FIG. 2 is a front cross-sectional view of an EDCS cell taken along the line
as shown in FIG. 3.

[B04Z2]1FIG. 3 is 8 top cross-sectional view of an EDCS cell taken along the line
as shown in FIG. 2.

[0043]1FIG. 4 is a top cross-sectional view of an EDCS cell that includes an
ionomer layer between each of the electrodes and the membrane that extends slong an
end of each of the two electrodes to the current collector.

[0044]}FIG 5. is a top cross-sectional view of an EDCS repeating unii taken
along the line as shown in FIG. 6.

[0045]FIG. 8 is a front cross-sectional view of the EDCS repeating unit taken
along the line as shown in FIG. 5.

[0G46]FIG. 7 is a front cross-sectional view of an EDCS stack.

[00471FIG. 8 is a top cross-sectional view of the EDCS stack.

[O04B]FIG. 9 is a plot of the calculated ratio of glectrons passed per CO:
molecule transported, the calculated rate of CQz transport, the cell current, the cell
voltage, the anode outlet CO» concentration and the cathode oullet €Oz concentration
as a function of time as reported in Example 1.

[00491FiG. 10 is a bar graph showing the average CO: flux as calculated fram
the experiment in Example 1 and averaged over each cell voltage hold step.

[QO50]FIG. 11 shows the average energy consumption of the electrochemical
cell, neglecting auxilfary equipment, over each cell voltage step for the experiment in
Example 1.

[BOB1TFIG. 12 shows a schematic representgtion of an EDCS in which the
carbon-dioxide containing gas is directed to the cathode, in both phases of operation.
[0052] Corresponding reference characters indicate corresponding parts

throughout the drawings.
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DETAILED DESCRIPTION OF THE INVENTION

[0053] The prasent disclosure is directed to slectrachemically driven carbon
dioxide separators (EDCS) and their use in separating carbon dioxide from carbon
dioxide-containing gas such as air for utilization or sequestration. The EDCS is a
carbon-negative technology since it can remaove COz from the atmosphere.

[00B4] Far example, the disclosure is directed 1o an slectrochemically driven
02 separator comprising a cell or an EDCE stack. The EDCS stack comprises one or
more celis elecirically connected in series.

[0058]} Each cell comprises a first electrode, a membrane, and a second
electrade. The first electrode and second electrode comprise nickel hydraxide, an anion
exchange polymer, and optionally a nickel foam gas diffusion layer. The first electrode
and second electrode are each capable of anodic and cathodic reactions, and
depending on the direction of current flow, one electrode will be the anpde of the cell,
while the other electrode will be the cathode of the cell.

[0056] At the anode, nickel hydroxide {Ni{OH): is oxidized to nickel oxyhydroxide
{NIO(QH}), consuming hydroxide anions (OH") in the process, according 1o the following
equation.

NI(OH), + OH™ - NiD{OHY + H,0 + ¢ {3]
The cathode reaction is the reverse of equation 3.
NWOOH} + H, 0 + 7 = NK{OH)Y, + OH™ {4]

[0087] The hydroxide anions produced at the cathode are fransported by an
jonomer layer comprising an anion exchange polymaer into the membrane. The
membraneg comprises an anion exchange polymer and integrated carbon dioxide-
containing gas flow channels. Within the membrane, carbon dioxide from air reacts with
hydroxide anion o make bicarbonate and carbonate anions, according to Equations 1
and 2.

[6058] The bicarbonate, carbonate, and any remaining hydroxide anions are
trangporied from the membrane into the anode. In the anode, the consumplion of
hydroxide via Equation 3 causes a reduction in pH, which causes the bicarbonate and
carbonate to decompose, releasing carbon dioxide and hydroxide anions, according o
the reverse of Equations 1 and 2. Pure carbon dioxide is collected from the anode.
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[0058] The cell further comprises a first carbon dioxide flow channel in fluid
communication with the first electrode and a second carbon dioxide flow channel in fluid
communication with the second electrode. Depending on the direction of current flow,
the first carbon dioxide flow channei coliects carbon dioxide when the first elecirode is
serving as anode, and the second carbon dioxide flow channel collects carbon dioxide
when the second electrode is serving as anode,

[0060] The stack further comprises a first manifold in fluld communication with
the first carbon dioxide flow channel of each cell and a second manifold in fluid
conymunication with the second carbon dioxide fiow channel of each cell.

[0061] The EDCS further comprises a check valve connected to the first manifold
and a check valve connected to the secand manifold. Product carbon dioxide is
collected from the EDCS through the check valves, and the check valves are oriented
to prevent backflow of carbon dioxide into the manifold, flow channel, and electrode
when that electrode is serving as cathode.

[6062] Additionally, the disclosure is directed to a method for separating carbon
dioxide from carbon dioxide-containing gas comprising supplying the carbon dioxide-
containing gas flow channels of the membrane of the EDCS described herein with
carbon dioxide-containing gas and driving electrical current through the EDCS ina
cyclic manner. The cyclic supply of electrical current comprises a first phase in which
current is driven so that the first electrode serves as anode and the second electrode
serves as cathode and a second phase in which current is driven so that the first
elecirode serves as cathode and the second electrode serves as anode. Each phase is
continued for sufficient time to convert most or all of the nickel hydroxide in the ancde
o nicke! oxyhydroxide and to convert most or all of the nickel oxyhydroxide in the
cathode to nickel hydroxide.

[00&3] To determine when near-complete convearsion of the elecirodes has taken
place, the EDCS vollage is monitored. When the voltage exceeds a predetermined
threshold at a constant current, the polarity of the cell is reversed. The voltage
threshold may be in the range of 3.5 10 1.0V percell.

[0084] Cell average state of charge (SOCQ) of the electrode is defined as the ratio
of nickel oxyhydroxide to total nickel hydroxide and nickel oxyhydroxide in the
electrodes combined, so that complete conversion to nickel oxyhydroxide represents

10
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100% S0C and complete conversion to nickel hydroxide represents 0% S80C. During
normal operation, the average SOQC of the first and second electrode combined should
be approximatsly 50%. If the average SOC diverges significantly from 50%, the extent
of cycling of the electrodes will be limited. For example, if the average S0C is 30%,
then each electrode will only be able 1o cycle from 0-60% SOC. Over time, side
reactions such as oxygen evolution reaction {OER) can cause a gradual decrease in
the average SOC of the cell.

[0065] When the cell avarage SOC has dropped substantially below 50%, an
additional interventian can be applied 10 raise the average 500 of the cell, in orderto
prolong the lifetime of the device. One intervention is to continue to drive current
through the cell, even after the cathode has reached near 0% S0OUC and the cathode
potential has dropped below the normal range. At sufficiently low cathode potential, one
of two cathodic side reactions can take place to allow current to continue to flow:
oxygen reduction reaction, or hydrogen evolution reaction.

[6068] Additionally, the disclosure is directed to a method for separating carbon
dioxide from carbon dioxide-containing gas, in which the average SOC of the cell is
monitored by tracking the total charge passed in each phass, and in which an
intervention is triggered when the charge passed falls below a predetermined fraction of
the nominal electrade capacity. The intervention may involve extending the current
phase of operation untit a higher vollage threshold is reached. The higher vollage
threshold may be in the range of 1.0-2.0 V per cell. Alternatively, the intervention may
involve extending the current phase of operation until a predetermined amount of
charge is passed. The predetermined charge may range from 80% to 120% of the
nominal electrode capacity. The intervention may additionally involve supplying oxygen
or air to the cathode of the EDCS in order {o facilitate oxygen reduction reaction.
However, supply of oxygen is not mandatory, as current may be passed by hydrogen
evolution reaction instead.

[0067]A schematic of an EDCS is shown in FIG. 1, where one electrode is
labeled as cathode and the other electrode is labeled as anode. Current is supplies to
the cell from a power supply. Hydroxide anion is generated electrochemicaily at the
cathode by reduction of a chargs storage compound such as nicka! oxyhydroxide and is
transported into the membrane. In the membrane, hydroxide reacts with carbon dioxide

11
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from a carbon dioxide containing gas (preferably air) supplied to the membrane flow
channseis. The resulting carbonate and bicarbonate are transported to the anode. In the
anode, oxidation of nicke] hydroxide consumes hydroxide, causing a drop in pH and
decomposition of carbonate and bicarbonate to release carbon dioxide. The carbon
dioxide product gas flows out of the anode. During the first and second phases of the
cycie, the elscirodes that serve as anods and catheode will alternate. Howaver, the
mechanism of the cell as depicted in FIG. 1, using the labels anode and cathode,
applies to both phases.

[GO68] A front cross-sectional schematic of an EDCS cell i= shown in FIG. 2. The
cell comprises a first electrode 20, a membrane 3, and a second electrode 30. The cell
can further comprise current collector plates 10, adjacent to sach electrode. The
membrane comprises an anion exchange polymer and carbon dioxide~-containing gas
flow channels 4 that allow carbon dioxide-containing gas to pass through the
membrane. Optionally, the membrane can be porous so that it contains pore volume In
addition to carbon dioxide-containing gas flow channels 4 to allow carbon dioxide to
diffuse through the bulk of the membrane more rapidly. A power supply 51 supplies
current to the current collector plates.

[0068] A top cross-sectional schematic of an EDCS cell is shown in FIG. 3. The
cell comprises a first carbon dioxide collaction channel 21 in fluid communication with
the first electrode 20 and a second carbon dioxide collection channel 31 in fluid
communication with the second electrode 30, These collection channels 21, 31 are for
outflow of carbon dioxide from the electrode serving as the anode.

[60T0] A top cross-sectional schematic of a preferred embodiment of an EDCS
cell is shown in FIG, 4. The cell oplionally comprises ionomer layers 11 inserted
between the slectrodes and the membrane. The lonomer favers can optionally
envelope the slectrade, the carbon dioxide collection channels, and the current
coliector plate {o provide a gas-tight seal around the electrodes. The ionomer layer
comprises an anion exchange poelymer.

[0071]11 the membrane is porous, & laver of a dense anion exchange polymer
capable of preventing leakage of carbon dioxide out of the anode can be used instead

of an ionomer layer.

12
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[0072] A top cross-sectional schematic of a repeat unit is shown in FIG. 5, where
the EDRCE comprises a stack of one or more repeat units 1. Each unit 1 comprises a
bipolar electrode assembly 2 and a membrane 3. Although an EDCS comprises one or
more cells as described above, it can be more convenient to manufacture the stack
from the repeat units 1 rather than from individual cells.

[0073] The bipolar electrode assembly 2 comprises the second electrode 20 and
second carbon dioxide collection channel 21 of ane cell and the first electrode 30 and
first carbon dioxide collection channel 31 of an adjacent cell. The two adjacent cuirent
collectors are replaced with a single bipolar plate 10. Optionally, the bipolar electrode
assembly may further comprise an ionomer layer 11 that envelops the exterior of the
electrades, bipolar plate, and carbon dioxide flaw channels.

[0074] The first and second electrodes 20 and 30 can comprise nickel hydroxide
electrocatalyst and an anion exchange polymer with porosity sufficient to enable gas
transport.

[6075] The first and second electrodes 20 and 30 can further comprise an
electrically conduchve additive such as graphite, carbon black, or metallic nickel.

[0076] The first and second carbon dioxide flow channels 21, 31 can be formed
from the bipolar plate 10 by rolling the plate to create channels with gaps 22, 32 to
allow fluid communication with the first and second slectrodes 20 and 30, respactively.

[0077] Optionally, the bipolar electrode 2 further comprises an ionomer envelope
11 in contact with the first electrode 20, first carbon dioxide collection channetl 21,
second electrode 38, and second carbon dioxide collection channel 31, The lonomsy
envelope 11 provides a gas-tight seal to isolate the first electrode 20 and the second
glectrade 30 from the ambient envirenment.

[0O78] A front cross-sectional view of the bipolar slectrode 2 is shown in FIG. 6.
The bipolar electrode 2 compiises 3 gasket 33 to seal an end of the second electrode
30, and a gasket 23 to seal an end of the first electrode 20. Optionally, the ionomer
enveiope 11 can be in contact with the bipolar plate 18, The unsealed ends 286, 36 of
the first and second electrodes 20, 30 are in fluld communication with the first and
second carbon dioxide flow channels 21, 31 (FIG. §), respectively.

[0079] Planar modules comprise a stack of planar cells, with manifolds
incorporated into the border region outside of the active area to distribute gases to each
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cell. Cells may be separated by bipolar piates that incorporate flow channels or the cealls
may be separated by planar bipolar plates with conduclive mesh feed spacers used to
provide flow pathways. The former is shown in FIG. 7. The cells are electrically
connected in series by electrically conductive bipolar plates. Although a planar
configuration is illustrated, the EDCS can be made in other configurations such as a
spiral stack as is known in the ar.

[0080] A front cross-sectional view of a stack 40 comprising multiple repeating
units 1 electrically connected in series is shown in FIG. 7. The stack 40 comprises a
first manifold 24 and a second manifold 34 for providing fluid communication within the
stack 40. Alternatively, both of the first and second manifolds 24, 34 can be located at
the top or at the bottom of the bipolar electrodes 2. Qptionally, additional manifolds can
be added to create both inlet and outlet manifolds for each carbon dioxide flow channel.
The first carbon dioxide flow channel 21 of each unit 1 is in fluid communication with the
first manifold 24. The second carbon dioxide flow channel 31 of each unit 1 is in fluid
communication with the second manifold 34.

[0081]in FIG. B, a top cross-sectional view of the stack 40 is shown with the first
and second carbon dioxide flow channels 21, 31 in a vertical orientation {perpendicular
to the plane of the paper) and the carbon dioxide-containing gas flow channels 4 {not
shown} in a horizontal orientation {parallel to the plane of the paper). Although this
orientation is depicied, the device can be built or used in any crientation.

[6082] Each bipclar electrode 2 of the stack 40 includes a gasket 33 to seal the
end of the second slectrode 30 and second carbon dioxide flow channel 31 (not shown)
to prevent fluid communication with the first manifold 24, and a gasket 23 to seal an
end of the first electrode 20 and first carbon dioxide flow channel 21 (not shown) o
prevert fluid communication with the second manifold 34.

[0083]in the stack 40, the repeating unit 1 comprises one bipolar electrode 2
and one membrane 3. However, the boundaries of the repeating unit are not aligned
with the boundaries of a single cell. A single cell comprises the second electrode 30
and mambrane 3 of one repeat unit 1 and the first slectrode 28 of the next adjacent
repeat unit 1.

[0084] At the right end of the stack shown in FIG. 7, an end electrode 43 is
included adjacent to the current collector 46 to complete the final cell. The bipolar
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giectrade 2 of the first repeat unit 1 at the left end of the stack 40 can also be
gonsidered an end electrode 41. The end electrodes 41, 43 can be the same or similar
in construction to the bipolar electrode 2, in which case the extra electrode and extra
carbon dioxide flow channel are present but are not used in the operation of the stack
40,

[0085] Alternatively, the end electrodes 41, 43 may be constructed with only a
singie electrode, bipolar plate, and a single carbon dioxide flow channel, and include
metal spacers 42, 44 between the bipolar plate 10 of the end electrode 41, 43 and the
current collectors 45, 46.

[0088] The end electrodes 41, 43 are slectrically connected to current collectors
45, 46 to which the external electrical connections to the stack are made.

[0087] The first and second manifolds 24, 34 have outlets with check valves 25,
35 to prevent backflow of carbon dioxide into the stack 40. During operation, the
slectrode serving as cathode will consume any available carbon dioxide within the pore
volume of the electrode, the carbon dioxide flow channel, and the manifold, but this
guantity of carbon dioxide is limited. The check valve prevents inflow of additional
carbon dioxide, so that the carbon dioxide is consumad guickly. The check valves also
control air inflow into the cathode side of the cell or stack, alr outflow {(from which COz
has been removed) from the cathode side of the cell or stack, and carbon dioxide
outflow from the ancde side of the cell or stack.

[6088] The EDCS can further comprise a fan 80 to improve circulation of the
carbon dioxide-containing gas through the channels 4 and through the cathode void
volume, if present.

[0089] Alternatively, the membrane does not comprise flow channels, and the
glectrode flow channels are adapted for the flow of both a carbon dioxide-containing
gas and a carbon dioxide product gas. The carbon dioxide-containing gas is directed to
the electrode serving as cathode, as shown in FIG. 12, The carbon dioxide product gas
is collected from tha elactrode serving as anode. The reaction of hydroxide and carbon
dioxide takes place within the cathode instead of within the membrane.

[0090] The EDCS can include a gas diffusion layer on the cuter side of the
electrode. The gas diffusion layer can comprise any suitable material known in the art
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such as carbon paper. For example, the gas diffusion layer can comprise Toray Paper
060 with 5% and 10% wet proofing, andior Sigracet 28RBC.

[0091] The anion exchange polymer used in the two slectrodes, membrane or
ionomer laver can comprise polyl{aryl piperidinium), alkylammonium-funclionalized
poiy(aryl alkyiene), substituted-imidazolium-functionalized poly{aryl alkylene),
atkylammonium-functionalized poly{styrene), substituted-imidazolium-functionalized
polylstyrene), alkylammonium-functionatized poly{styrene-co-divinylbenzene),
substituted-tmidazolium-functionalized poly(styrene-co-divinylbenzene),
alkylammonium-functionalized poly{styrene-block-ethyisne-co-butadiene-block-
styrang), substiiuted-imidazolium-functionalized, poly{styrene-block-ethylene-co-
butadiene-black-styrene}, alkylammonium-functionalized poly(ethyiene), substituted-
imidazolium-functionalized poly{ethylene), alkkylammonium-functionalized
poly{tetraflucroethyviene), substituted-imidazolium-functionalized
poly{tetraflucroethylene), alkylammonium-functionalized poly{ethylene-co-
tetrafilucroathyvlenea), substituted-imidazolium-functionalized poly(ethylena-co-
tetrafluoroethyleneg), polyethyiensimine, poly{diallyl ammonium),
polydiallyldimethylammonium, or a combination thereof. Poly{aryipiperidinium} or
potydialiyldimethylammonium are preferred.

[0092] The anion exchange polymer in the two electrodes are preferably the
same.

[6093] The tonomer pravides a hydroxide-conducting network. All experiments
used PAF membranes and ionomers. The PAF membranes and ionomers are
described in U.8. Patent No. 10,280,800, U.S. Application Serial No, 16/851,622, and
PCT Publication No. WO 2019/068051, herein incorporated by reference in their
entirety. A preferred ionomer is PAP-TP-85.

[00894] The anion exchange polymer in the membrane can differ from the anion
exchange polymer in the electrodes or the anion exchange polymer in the lonomer
layer. The anion exchange polymer in these components can be the sams, some can
be the same, or all can be different,

[0095] Battery electrode reactions of the EDCS require cyelic operation, with
current flow reversed pericdically to alternate which electrode is the cathode and
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produces hydroxide, and which elecirode is the anode and concentrates carbon
dioxide.

[0096] A current is supplied to the EDCS by a power supply. The power supply
can direclly reverse its oulput current or a dus! pele dual throw switch / relay can be
used 1o reverse the connections between the terminals of the EDCS and the terminals
of the power supply.

[009T]A typical bipolar plate is a thin sheet of stainless steel, One side is
etectrically connected to the anode, and the other side s electrically connected 1o the
cathode of the adjacent cell.

[0098] The electrodes can be prepared by methods known in the art. The
electrodes can be prepared from an ink containing a charge storage compound as
described herein and an anionic exchange polymer that is then sprayed or casted onto
an adjacent component of the cell. Alternatively, the charge storage compound can be
electrodeposited onto a substrate and then coated with the anion exchange polymer.
For example, N{OH )z electrodes can be prepared by electrodeposition from nickel
chioride (NICl2) solution onto a substrate using a three-electrode cell followed by pre-
cycling in potassium hydroxide solution to generate NiQ{OH). The NIQ(OHYNi{OH )z
electrades are then dip coated with an anion exchange polymer from a solution.

[0099] The EDCS cell or EDCS stack can be constructed using standard
methodology that is well known in the art.

[60108] The EDCSs as described herein provide low cost elecirochemical cells
to efficiently remove CQOr» with minimal energy cost relative to traditional energy sources
and long cycle life. The resulting COz can be used for chemical synthesis. The air from
which the carbon dioxide gas has been removed can be fed {0 a metal-air battery or
other device or process using an air ntake,

[00101] The EDCS described hersin can have the carbon dioxide-containing gas
supplied to a metal air battery contain less than about 20 ppm, 18 ppmy, 16 ppm, 15
ppm, 12 ppm, 10 ppm. 8 ppm, € ppm, 5 ppm, 4 ppm, 3 ppm, or 2 ppm carbon dioxide
with these reduced levels achieved by reaction of COz with the hydroxide ions at the
cathode of the EDCS.
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[60102] if o flue gas such as those produced by a power plant is the carbon
dioxide-containing gas, the flue gas can be released into the atmosphsere after removal
of CO2, or can be further processed to remove other contaminants before it is released.

[004103] The EDCS is a carbon negalive emissiaon, direct air capture
technology that can be used {o offset the effects of carbon emitting technologies such
as fossil fusls, industrial processes and land use with a goal toward achieving nst zero
CO; emissions to minimize climate change.

[00104] The EDCS does not involve the handling of liquids or solids or need
high temperature calcination as is required by some carbon negative technologies.

[00105] Although the inventions disclosed here are illustrated by the
application of DAC, other applications are possible. Examples for those applications
include removat of CO:z from air coming into a building or inside a building, allowing
higher recirculation rate and thus saving HVAC energy consumption; removing COz
manned spacecrafl; and pumping CQO: from ambient air into green houses or other

structures to help the growth of plants.

DEFINITIONS

[00106] The "bipolar plate” provides an electrical connection between the
cathode of one cell and the anode of an adiacent celil.

[00107] “sipm” is a unit of gas flow rate corresponding o 1 L/ minute at

standard conditions of 0 "C and 1 atm pressure.

[00108] Having described the invention in detail, it will be apparent that
maodifications and variations are possible without departing from the scope of the
invention defined in the appended claims.

EXAMPLES
[00109] The following non-limiting examples are provided to further illustrate the

present invention.

EXAMPLE 1. Electrode Preparation
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[60110] N{OH): electrodes were created by electrodeposition from nickel
chioride (NiCl2) solution onto a nicke! foam substrate using a three-slectrode cell. More
specifically, the electrode was electrodeposited on nickel foam of approximately 5 cm
by 5 ocm dimensions with 10 mA&/cm® current density in a 0.1 M NiClz solution for 30 min
followed by pre-cydling in 0.1 M KOH solution to generate NiO{OH). The
NiO{OM)YNI{OHM )z electrodes were dip coated with poly(aryt piperidinium) ionomer from
a & wi.% solution in ethanol solvent.

EXAMPLE 2: EDCS Preparation

[00111] A full EDCS cell was constructed using a poly{ary! piperdinium)
membrane and two NIO{OH)}YN{OH)z electrodes. The cell was assembiled in a 25 om?®
single cell fuel cell fixture with triple serpenting flow fields. A gasketwitha Som by 5 om
opening was placed on the anode flow field. Next, a 5 cm by 5§ cm carbon paper gas
diffusion {ayer was placed in the opening on the anode flow field. The first
NIO{OHYNI{OH)z electrode was placed on the gas diffusion layer. A7.5cm x 7.5 cm
membrane was placed over the electrode and gasket. A second gasketwithSom by b
om opening was placed on the membrans, and the second electrode was placed inside
the opening in contact with the membrane. A second 5 em by 5 cm carbon paper gas
diffusion layer was placed on the second electrode. Finally, the cathode flow field was

ptaced and the cell was closed.

EXAMPLE 3 EDCS Operation and Performance

[00112] The cell was operated at 80 “C with both the anode and the cathode
supplied by 0.5 sipm of air containing 440 ppm CO: and humidified to 57.7 °C dew
point. Both the anode and cathode outlets were passed through condensers {0 remove
water and directed to CO: analyzers to measure the content of CO2. The cell was
connected (0 a polentiostat to control cell voltage and measure current. The cell was
run with a series of voltage hold steps: -0.8 V for 1200 s, -0.3 V for 600 s, 0.3 V for 870
s, -0.3 Vior 1800 s, and 0.3 V for 1350 s

[00113] The results are shown in FIG. 8, including current, voltage, COz
concentration in ancde and cathode outlet streams, calculated rate of CO: transport
through the cell, and the calculated ratio of electrons passed per molecule of CQ2
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transpored. COz was shown o be fransported in both directions, depending on the
polarity of the appliad vollage. The ratio of electrons passed o COz molecule
transported fypically ranged from 1 to 2, indicating near-complete conversion of
hydroxide to carbon and hicarboanate within the cathode of the EDCS.

[00114] In FIG 10, the CO: flux is shown, averaged over each voltage hold step,
normatized by cell area, and converted to an annual basis. The hold at -0.8 V did not
perform significantly better than the holds at +/-0.3 V, despite the higher energy
consumption. Averaging over the holds at +/-0.3 V, the COz flux was 19 kg/m®-year.

[B0115] In FIG 11, the energy consumption for the single cell was calculated per
tonne of CO: transported. Averaged over the +/-0.3 V holds, the energy consumption
from the electrochemical cell alone {excluding auxiliary equipment) was 0.6 MVWh/t

[00118] When introducing elements of the prasent invention or the preferred
embodiments(s) thereof, the arlicles "a”, "arn”, "the" and "said" are intended o mean
that there are one or more of the elements. The terms "comprising”, "including” and
"having” are intended to be inclusive and mean that there may be additional elements
other than the listed elements.

[G0117] In view of the above, it will be seen that the several abjects of the
invention are achieved and other advantageous results attained.

[00118] As various changes could be made in the above devices and methods
without departing from the scope of the invention, it is intended that all matter contained
in the above description and shown in the accompanying drawings shail be interpreted

as ilustrative and not in a limiting sense.
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CLAIMS:
1. An electrochemically-driven carbon dioxide separator (EDCS) for
separating carbon dioxide from a carbon dioxide-containing gas, the EDCS comprising:
a cell, the cell comprising:
two slectrodes that are capable of acting as an anode or a cathode, the
two electrodes comprising a charge storage compound and an anion exchange
polymer, the charge storage compound being capable of reacting to form
hydroxide when acling as the cathode and reacting {o consume hydroxide when
acting as the anode;
a membrane adjacent to and separating the two electrodes, the
membrane comprising an anion exchange polymer,;
a channel adapted for inflow of a carbon dioxide-containing gas within the
membrane;
a channel adaptad for outflow of carbon dioxide and defining an opening
in contact with the electrode serving as the anode; and
a channel adapted for outflow of carbon dioxide and defining an opening
in contact with the electrode serving as the cathode;
wherein the cell is adapted such that in operation:
the hydroxide produced at the electrode serving as the cathode is ransported
into the membrans,
the carbon dioxide-containing gas is contacted with the membrane and the
carbon dioxide reacts with the hydroxide ions to form bicarbonate ions, carbonate ions,
or bicarbonate and carbonate ions;
the bicarbonate fons, carbonate ions, or bicarbonate and carbonate ions are
transported {o the electrode serving as the anode through the membrans;
the bicarbonate ions, carbonate ions, or bicarbonate and carbonate ions react at
the electrode acting as the anode to form carbon dioxide and water; and
the carbon dioxide is emitted from the EDCS through the channel adapted for
outflow of carbon dioxide of the clectrode serving as the anode.
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2. An electrochemically-driven carbon dioxide separator (EDCS) for

separating carbon dioxide from a carbon dioxide-containing gas, the EDCS comprising:

a cell, the cell comprising:

twa elecirodes that are capable of acting as an anode or a cathode, the
two electrodes comprising nickel hydroxide optionally in a partially oxidized state
and an anion exchange polymer, the nickel hydroxide being capable of reacting
to form hydroxide when acting as the cathode and reacting to consume
hydroxide when acting as the anode;

a mambrane adjacent o and separating the two electrodes, the
membrane comprising an anion exchange polymer;

a channel adapted for cutflow of carbon dioxide or inflow of a carbon
dioxide-containing gas and defining an opening in contact with the electrode
serving as the anode; and

a channel adapted for outflow of carbon dioxide or inflow a carbon
dioxide-containing gas and defining an opening in contact with the electrods
serving as the cathode;
whaetein the cell is adapted such that in operation:
hydroxide is produced ai the electrode serving as the cathode;

the carbon dioxide-containing gas is contacted with the electrode serving as the

cathode and the carbon dioxide reacts with the hydroxide ions o form bicarbonate ions,

carbonate ions, or bicarbonate and carbonate ions;

the bicarbonate ions, carbonate ions, or bicarbonate and carbonate ions are

transporied 1o the electrode serving asg the anode through the membrane; and

the bicarbonate ions, carbonatle ions, or bicarbonate and carbonate ions react at

the electrode acting as the anode o form carbon dioxide and water,

3. The EDCS of claim 1 or 2, wherein the EDCS further comprises a power

supply for supplying a current flow to the electrodes, wherein the power supply is
adapted to alternately reverse the direction of current flow, thereby allowing each

electrode 1o act, in wmn, as the anode and as the cathode.

CA 03179216 2022-11-17
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4, The EDCS of claim 1 or 2, wherein the EDCE further comprises a power
supply for supplying a current flow 1o the electrodes; and an electrical switch coupled to
the power supply and the slectrodes; wherein the electrical switch is adapted to
alternately reverse the direction of current flow, thereby allowing each electrode o ast,
in turn, as the anode and as the cathode.

5. The EDCS of any one of claims 1-4, wherein the EDCS further comprises

a current collector adjacent to each of the electrodes.

6. The EDCS of any one of claims 1-5, wherein the charge storage
compound comprises a metal hydroxide, a metal oxyhydroxide, a metal oxide, or a

hydrogen storage alloy.

7. The EDCS of claim 8, wherein the charge storage compound comprises
nickel hydroxide, manganese dioxide, nickel hydroxide in a partially-charged state, or

tanthanum nickel hydride.

8. The EDCS of any one of claims 1-7, wherein the EDCS further comprises
an wonomer layer between the membrane and each of the two electrodes that extends
along an end of gach of the two electrodes o the current collector, the lonomer layer
being adapted {o seal carbon dioxide released from the electrode serving as the anode
within the electrode serving as the anode and the channel for outflow of carbon dioxide

from the electrode serving as the anode.

g, The EDCS of claim 8, whergin the fonomer layer comprises an anion

exchangs polymer.,
10.  The EDCS of any one of claims 1-8, wherein the anion exchange polymer
of the two electrodes, the anion exchange polvmer of the membrane and/or the anion

exchange membrane of the ionomer layer independently comprise quaternary

ammonium or imidazolium groups and a polymer backbone not having ether groups.
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11.  The EDCS of any one of claims 1-8, wherein the anion exchange polymer
of the two electrodes, the anion exchange polymer of the membrans and/or the anion
exchange membrane of the ionomaer layer independently comprise poly{aryt
piperidinium), alkylammonium-functionalized poly(aryl alkylene), substituted-
imidazolium-functionalized poly{aryt alkylene), alkylammaonium-functionalized
poly{styrene)}, substifuted-imidazolium-functionalized poly(styrene), alkylammonium-
functionalized poly{styrene-co-divinyibenzene), substitited-imidazofium-functionalized
poly(styrens-co-divinylbenzens), alkkylammonium-functionalized poly(styrena-block-
ethylene-co-butadiene-block-styrens}, substituted-imidazolium-functionalized,
poly{styrene-block-ethylene-co-butadiene-block-styrene), atkylammonium-
functionalized poly{ethylene), substituted-imidazolium-functionalized poly{ethylene),
atkylammonium-functionalized poly{tetrafiuoroethyiene), substituted-imidazolium-
functionalized poly{tetrafluoroethylene), atkylammonium-functionalized poly{ethylene-
co-tetrafivorcethylene), substituted-imidazolium-functionalized poly{ethylene-co-
tetrafiluorosthyleneg), polyethyleneimine, poly(diallyl ammonium},

polydiallyldimethylammeonium, or a combination thereof.

12. The EDCS of any one of claims 1-8, wherein the anion exchange polymer
of the two electrodes, the anion exchange polymer of the membrans and/or the anion
exchange membrane of the ionomer layer independently comprise poly(ary!

piperdinium).

13. The EDCS of claim 11, wherein the anion exchange polymer of the

ionomer layer comprises polydiallyldimethyvlammonium,
14.  The EDCS of any one of claims 1-13, wherein the membrane comprises a
pluratity of the channel for inflow of the carbon dioxide-containing gas within the

mambrane.

15. The EDCE of any ane of claims 1-14, wherein the membrane comprises

void volume for diffusion of the carbon dioxide-containing gas through the membrane.
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18, The EDCS of any one of claims 1-15, wherein the call further comprises 8
check valve configured to emit carbon dioxide produced within the slectrode serving as
the anode from the EDCS through the channel for outflow of carbon dioxide from the
electrode serving as the anoda.

17. The EDCS of any one of claims 14-186, wherein the EDCS further
comprises a fan for blowing the carbon dioxide-containing gas through the channel for

inflow of the carbon dioxide-containing gas within the membrane.

18. The EDCS of any one of claims 1-17, wherein the carbon dioxide-

containing gas is air,

18. The EDCS of any one of claims 1-18, further comprising a stack
comprised of one or more additional cells electrically connected in series; and a
manifold adapted for outflow of carbon dioxide from each of the electrodes serving as

the anade,; .

20, The EDCS of claim 18, wherein the ionomer layer surrounds each of the

two elecirodes and the channels for outflow of carbon dioxide.
21,  The EDCS of any one of daims 5-20, wherein the current collector
comprises a bipolar plate betwean sach cell instead of two current collector plates, and

a current collector plate at each end of the stack.

22 The EDCS of claim 21, wherein the bipolar plate is configured to provide
the channels for outflow of carbon dioxide.

23. The EDCS of claim 22, wherein the channels for outflow of carbon dioxide
are perpendicular to channels in the membrane for the CQz-containing air,

24, A batlery system comprising a metal-air battery and the EDCS of any one
of claims 1-23, wherein the carbon dioxide-containing gas is air and after the airis
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supplied to the EDCS 1o reduce the concentration of the carbon dioxide, the air having
the reduced concentration of carbon dioxids is directed to a cathode infet of the matal-
air battery.

25. A method for separating carbon dioxide from a carbon dioxide-containing
gas comprising supplying the EDCS of any one of claims 1-23 with the carbon dioxide-
containing gas; and driving electrical current through the EDCS.

26. The method of claim 25, wherein the carbon dioxide-containing gas is a
flue gas.

27. The method of claim 25, wherein the carbon dioxide-containing gas is air.

28, The methaod of any one of claims 25-27, wherein the electrical current is
driven through the EDCS in a first phase in which one of the two electrodes serves as
the anode and the other of the two electrodes serves as the cathode and a second
phassa in which current is driven so that the one of the two electrodes serves as the
cathode and the other of the two electrodes serves as the anode.

28, The method of claim 28, wherein voltage of the EDCS is monilored at a
constant current so that each of the first and second phases is continued for a sufficient
time to convert maost or all of the nickel hydroxide in the anode to nickel oxyhydroxide
and to convert most or all of the nickel oxyhydroxide in the cathode 1o nickel hydroxide

before polarity of the cell or cells is reversed.

30. The method of claim 29, wherein the polarity of the cell or celis is reversed
when the voltage of the EDCS is in the range of about 0.5 to about 1.0V per cell.

31, The msthod of any one of claims 25-30, further comprising monioring a
ratio of nicket oxyhydroxide to total nickel hydroxide and nickel oxyhydroxide for the two

electrodes combined, which when multiplied by 100 indicates a cell-average state of
charge (SQC); and triggering an intervention when the ratio reaches a desired
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threshold value set below 0.5 or the cell-average SOC reaches a desirad threshold
value below 50%.

32. The method of claim 29 or 30, further comprising monitoring a total charge
passed in each of the first and second phases; and triggering an intervention when the
total charge passed in one of the first and second phases {alis below a predetermined

fraction of nominal electrode capacity.

33. The method of claim 31 or 32, whersin the intervention comprises
axtending the phase of operation until a higher voltage threshold value is reachad.

34.  The method of claim 33, wherein the higher voltage threshold is in the
range of about 1.0 to about 2.0 V per cell.

35, The method of claim 31 or 32, wherein the intervention comprises
extending the phase of operation until a predetermined amount of charge is passed.

36. The method of claim 35, wherein the predetermined amount of charge
ranges from about 80% to about 120% of nominal electrode capacity.

37. The method of claim 31 or 32, wherein the intervention comprises

supplying oxygen or air to the cathode {o facilitate an oxygen reduction reaction.

38. The method of claim 31 or 32, wherein the intervention comprises appiving
current to the EDCS to facilitate a hydrogen evolution reaction.
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