wo 2022/155754 A1 |0 0000 K000 000 0 0 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date
28 July 2022 (28.07.2022)

(10) International Publication Number

WO 2022/155754 Al

WIPO I PCT

(51) International Patent Classification:

C25B 1/23 (2021.01) B01J 19/08 (2006.01)
B0ID 53/32 (2006.01) C25B 9/19 (2021.01)
BOID 53/62 (2006.01) C25B 15/08 (2006.01)

(21) International Application Number:
PCT/CA2022/050094

(22) International Filing Date:
21 January 2022 (21.01.2022)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
63/140,176 21 January 2021 (21.01.2021) UsS

(71) Applicant: THE UNIVERSITY OF BRITISH COLUM-
BIA [CA/CA]; 103 - 6190 Agronomy Road, Vancouver,
British Columbia V6T 123 (CA).

(72) Inventors: ZHANG, Zishuai; 103 - 6190 Agronomy
Road, Vancouver, British Columbia V6T 1Z3 (CA).
BERLINGUETTE, Curtis P.; 103 - 6190 Agronomy
Road, Vancouver, British Columbia V6T 123 (CA).

(74) Agent: KWOK, Christina S.W. et al.; c/o Oyen Wiggs
Green & Mutala LLP, 480 — The Station, 601 W. Cordova
St., Vancouver, British Columbia V6B 1G1 (CA).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: METHODS AND APPARATUS FOR PERFORMING ELECTROLYTIC CONVERSION

10\

12

APPLY ELECTRICAL POTENTIAL

!

14—}

SUPPLY HYDROGEN GAS AT
NODE

gt

HYDROGEN GAS UNDERGOES
OXIDATION REACTION AND
PRODUCES PROTONS

!

PROTONS PERMEATE THROUGH
ICN EXCHANGE MEMBRANE

'

r
| PRESSURIZE BICARBONATE :_>
| SOLUTION

SUPPLY BICARBONATE
SOLUTION AT CATHODE

BICARBCONATE REACTS WITH
PROTON IN REDUCTION
REACTION

i e ——

26_“ RECYCLE PRODUCTS TO |
FLOW CELL |

“

COLLECT USEFUL
PRODUCTS

(57) Abstract: Methods and apparatuses for converting carbon dioxide to use-
ful compounds are disclosed. The method involves reducing bicarbonate solu-
tion in an electrolyzer. Bicarbonate solution is supplied to the cathode. The di-
rect reduction of bicarbonate at the cathode may be coupled with an oxidation
reaction at the anode. The oxidation reaction may provide a source of protons
(H") to cathode for the reduction of bicatbonate. The oxidation reaction may
be a hydrogen oxidation reaction (HOR). Hydrogen gas (H») may be supplied
to the anode. In some embodiments, a source of gas may be supplied to the bi-
carbonate solution to form a pressurized solution before supplying the solution
to the cathode.
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METHODS AND APPARATUS FOR PERFORMING ELECTROLYTIC
CONVERSION

Cross-Reference to Related Applications

[0001] This application claims priority from US Application No. 63/140,176 filed 21
January 2021. For the purposes of the United States, this application claims the
benefit under 35 U.S.C. §119 of US application No. 63/140,176 filed 21 January 2021
and entitled METHODS AND APPARATUS FOR PERFORMING ELECTROLYTIC
CONVERSION, which is hereby incorporated herein by reference for all purposes.

Field
[0002] This invention relates generally to apparatuses and methods for performing

electrolytic conversion of bicarbonate in solution into useful products.

Background

[0003] Carbon dioxide is the primary greenhouse gas emitted through human
activities. Carbon capture is a way to reduce the emission of greenhouse gases
Carbon capture technologies may capture carbon dioxide from the atmosphere or a
point source. Captured carbon dioxide may be stored and/or converted to useful
compounds. Such useful compounds may be used to form chemicals or fuels of
economic value. Examples of such useful compounds are one-carbon (C1)
compounds, two-carbon (C2) compounds and compounds with two or more carbons
(C2+ compounds). Specific examples of such C1, C2, and C2+ compounds include
carbon monoxide, formate, formic acid, ethylene and propanol.

[0004] The inventors have recognised a general need for improved methods and
electrolyzers capable of reduction reactions at high efficiency and low operational

costs.

Summary
[0005] This invention has a number of aspects. These include, without limitation:
o methods and apparatuses for electrolyzing bicarbonate (HCO3") solution into
useful products at a desired voltage and current density without supplemental

gaseous carbon dioxide;
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¢ methods for electrolyzing bicarbonate (HCOj3) solution at a low applied
potential (e.g., no more than 3 V) with high current density (e.g., 500 mA cm)
and a COq utilization rate of over 40%; and

+ methods for capturing atmospheric carbon dioxide.

[0006] One aspect of the invention provides a method for performing a carbon dioxide
reduction reaction in an electrolyzer. The method involves the direct reduction of
bicarbonate at the cathode with an oxidation reaction at the anode. The oxidation
reaction may provide a source of protons (H*) to the cathode for the reduction

reaction.

[0007] In some embodiments, the oxidation reaction is a hydrogen oxidation
reaction (HOR). In such embodiments, the method involves supplying hydrogen gas
to the anode to participate in the oxidation reaction to produce protons (H*). The
protons (H*) may be transported through an ion exchange membrane to the cathode.
The method also involves supplying an aqueous solution comprising bicarbonate ions
(HCOz3) to the cathode. The protons (H*) produced at the anode may react with the

bicarbonate ions at the cathode to yield one or more products.

[0008] In some embodiments, the aqueous solution comprising the bicarbonate

ions (HCOz3) is substantially free of gaseous carbon dioxide (CO»).

[0009] Aspects of the invention relate to methods of electrolyzing bicarbonate
solution (HCO3") at a low applied potential with high current density. In some
embodiments, the electrical potential applied between the cathode and the anode
does not exceed 5V. In some embodiments, the electrical potential applied between
the cathode and the anode does not exceed 2.5 V. In some embodiments, the current
density is maintained at 100 mA/cm2 or greater. In some embodiments, the current

density is maintained at 500 mA/cm-2 or greater.

[0010] Some embodiments of the method involve increasing the pressure of the
aqueous solution comprising bicarbonate ions. The pressure of the aqueous solution
may be maintained within a range of from about 1.1 atm to about 40 atm. In some
embodiments, the pressure of the aqueous solution is maintained within a range of

from about 1.1 atm to about 10 atm.

[0011] The one or more products produced from the electrolytic conversion of

bicarbonate solution may be a liquid product and/or a gaseous product. The one or
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more products may comprise a carbon-containing compound. The carbon-containing
compound may be C1, C2, and C2+ compounds. Examples of carbon-containing
compounds that may be produced include carbon dioxide, formate, carbon monoxide,

formic acid, ethylene and/or propanol.

[0012] In some embodiments, the one or more products comprise no more than
50% carbon dioxide (CO>). In some embodiments, the one or more products

comprise no more than 30% carbon dioxide (COx).

[0013] Operating conditions that may be favourable in the electrolysis of
bicarbonate solution using methods of this invention include for example:
¢ the pH of the bicarbonate solution maintained at about 4 or greater;
¢ the concentration of bicarbonate solution fed to the cathode in the range of
from about 0.1 M to about 3.3 M;
¢ the temperature maintained in the range of from about 60°C to about 80°C;
and/or
¢ the pressure maintained at the cathode and/or anode in the range of from

about 1 atm to about 40 atm.

[0014] In some embodiments, the one or more products formed at the cathode
comprise hydrogen gas (H2). The hydrogen gas (H2) formed at the cathode may be

delivered to the anode to participate in the oxidation reaction to form protons (H*).

[0015] In some embodiments, excess protons (H*) are discharged from the
anode. The excess protons (H+) may be recycled to the anode to participate in the

oxidation reaction to form protons (H*).

[0016] Aspects of the invention relate to a system for performing a carbon dioxide
reduction reaction. The system comprises an electrolyzer. The electrolyzer comprises
an anode exposed in an anode chamber, a cathode exposed in a cathode chamber,
and an ion exchange membrane separating the anode and the cathode. The anode
may be adapted to oxidize hydrogen gas to form hydrogen ions. The cathode may be
adapted to react hydrogen ions formed from the anode with bicarbonate ions
contained in an agueous solution. The ion exchange membrane may be adapted to
allow the hydrogen ions formed from the anode to diffuse therethrough to enter the

cathode chamber to react with the bicarbonate ions to yield one or more products.

[0017] In some embodiments, the aqueous solution is substantially free of
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gaseous carbon dioxide (CO2).

[0018] The electrolyzer further comprises a power supply. In some embodiments,
the power supply is configured to drive the electrolyzer with a potential difference that
does not exceed 5 V. In some embodiments, the power supply is configured to drive
the electrolyzer with a potential difference that does not exceed 2.5 V. In some
embodiments, the potential difference introduces a current density of at least 100
mA/cm-2. In some embodiments, the potential difference introduces a current density

of at least 500 mA/cm-=2.

[0019] In some embodiments, the electrolyzer includes a buffer layer. The buffer
layer may be arranged between the ion exchange membrane and the cathode to
allow the transport of protons (H*) therethrough after the protons (H*) diffuse through

the ion exchange membrane.

[0020] In some embodiments, the cathode may be made of a metallic foam. In

one example embodiment, the cathode is made of a free-standing silver foam.

[0021] In some embodiments, the cathode and/or anode comprises a gas

diffusion electrode.

[0022] In some embodiments, the anode and the cathode are arranged to press

against opposing faces of the ion exchange membrane.

[0023] Some embodiments involve combining a carbon capture system with the
electrolyzer. The carbon capture system may comprise a contactor. The contactor
may be configured to bring a gas comprising carbon dioxide into contact with a
capturing solution to form the aqueous solution comprising bicarbonate ions. The
contactor may comprise a fluid outlet. The fluid outlet of the contactor may be in fluid
communication with a fluid inlet of the cathode chamber for delivering the aqueous

solution to the cathode.

[0024] Further aspects and example embodiments are illustrated in the

accompanying drawings and/or described in the following description.

Brief Description of the Drawings

[0025] The accompanying drawings illustrate non-limiting example embodiments of

the invention.
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[0026] FIG. 1 is a flow chart showing the steps in a method for electrolyzing
bicarbonate according to an example embodiment of the invention.

[0027] FIG. 2 is a schematic diagram of an electrochemical cell operating the FIG. 1
method according to an example embodiment of this invention.

[0028] FIG. 3 is a schematic diagram showing an electrolyzer according to an
example embodiment of the invention.

[0029] FIG. 4 is a block diagram illustrating the FIG. 2 electrochemical cell including
ancillary equipment according to an example embodiment of the invention.

[0030] FIG. 5 is an exploded perspective view of an example bipolar membrane-
based electrolyzer (“OER|BPM|HCO3™) that is used as a control system in the
comparative experiments described in the Examples section.

[0031] FIG. 6 is a schematic diagram depicting a pressurized bicarbonate electrolyzer
system according to an example embodiment of the invention.

[0032] FIG. 7 is a graph comparing the cell voltage (Vcen) values measured as a
function of partial current density for the electrolysis of bicarbonate using the FIG. 5
control system at an operating pressure of 1.0 atm and the electrolysis of bicarbonate
operating the FIG. 1 method using the FIG. 3 electrolyzer at an operating pressure of
1.0 atm and 3.5 atm. Cation exchange membranes of different thicknesses were
tested using the FIG. 3 electrolyzer. The cation exchange membrane used for the
electrolysis at an operating pressure of 1.0 atm has a thickness of 25 um. The cation
exchange membrane used for the electrolysis at an operating pressure of 3.5 atm has
a thickness of 50 um.

[0033] FIG. 8 is a plot of the modified cell voltage (Vcen) values measured as a
function of current density from the electrolysis of bicarbonate obtained from using the
FIG. 5 control system compared to the values obtained from using the FIG. 3
electrolyzer. Both of the electrolysis occurred under an operating pressure of 1.0 atm.
The modified cell voltages (Vcen) values were calculated by subtracting the
thermodynamic 1.23 V OER potential from the control system.

[0034] FIG. 9 is a plot of the cell voltage (Vcan) values measured as a function of
current density (mA cm2) from using conventional methods of electrolyzing CO2
compared to from using the FIG. 1 method of electrolyzing CO2.

[0035] FIG. 10 is a plot of the cell voltage (V) measured as a function of time (h)
showing the voltage changes during a 10 hour electrolysis of bicarbonate using the

FIG. 1 method at a current density of 100 mA cm2.
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[0036] FIG. 11A is a process flow diagram showing an example process of converting
carbon dioxide emissions to useful compounds from the electrochemical reduction of
gaseous COa». FIG. 11B is a process flow diagram showing an example process of
converting carbon dioxide emissions to useful compounds from the electrochemical
reduction of bicarbonate solution.

[0037] FIG. 12A is an exploded perspective view of an example flow electrolyzer
showing a recycle stream that delivers H2 produced at cathode to the anode
according to an example embodiment of the invention. FIG. 12B is a plot of the cell
voltage (V) as a function of time (h) measured at a current density of 100 mA cm2for
one hour comparing the Ve profiles of bicarbonate electrolysis using fresh H>
feedback and with recycled Hz from the cathode.

[0038] FIG. 13 is a plot showing the impact of flow rate of H2 on the cell voltage and
FEco in operating the FIG. 1 method at a constant current density of 500 mA cm-=2.
[0039] FIG. 14 is a schematic diagram illustrating the thermodynamic potentials (vs.
SHE) determined using the Nernst equation for the FIG. 1 method compared to the
control system. The pH value of 10 for the CO2RR was estimated from previously
reported in situ spectroscopy measurements.

[0040] FIG. 14A is a chromatogram showing example products produced from the
using the FIG. 3 electrolyzer to electrolyze COa.

[0041] FIG. 15 is a plot of the Ve values measured as a function of current density
(mA cm) from using conventional methods of electrolyzing CO»> compared to from
using the FIG. 1 method of electrolyzing COx.

[0042] FIG. 16A is a schematic diagram illustrating the electrolyzer of FIG. 3. FIG.
16B is a schematic diagram illustrating the electrolyzer of FIG. 5.

[0043] FIG. 17 is a plot of the Vcey values (V) measured as a function of time (s)
obtained from operating the FIG. 3 electrolyzer with a 25 ym membrane at 500 mA
cm-2 for 1 hour.

[0044] FIG. 18 is a graph showing the current density and voltage values obtained
from reducing CO- using conventional systems compared with the values obtained
from reducing CO> using the electrolyzer of FIG. 3.

[0045] FIG. 19 is a graph showing the current density and voltage values obtained
from reducing CO- using conventional systems compared with the values obtained
from reducing CO> using the electrolyzer of FIG. 3.

[0046] FIG. 20A is a schematic diagram of a bicarbonate electrolyzer comprising a

6
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buffer layer arranged between the ion exchange membrane and the cathode. FIG.
20B is graph showing the FEco values measured at 100, 300 and 500 mA cm2 from
operating the FIG. 20A electrolyzer comprising an ion exchange membrane with
thicknesses of 25 um and 50 um with and without the buffer layer.

[0047] FIG. 21 is a plot of the Vcey values measured as a function of current density
(mA cm2) comparing the performance of a bicarbonate electrolyzer with and without a
buffer layer arranged between the ion exchange membrane and the cathode.

[0048] FIG. 22A is a plot of the 20 year net present value (NPV) measured as a
function of H2 market price for the FIG. 3 electrolyzer from producing 100 tons of CO
per day. FIG. 22B is a graph showing the NPV difference between the FIG. 3
electrolyzer, the FIG. 5 control system and a gaseous CO»-fed electrolyzer measured

as a function of H2 market price.

Detailed Description

[0049] Throughout the following description, specific details are set forth in order to
provide a more thorough understanding of the invention. However, the invention may
be practiced without these particulars. In other instances, well known elements have
not been shown or described in detail to avoid unnecessarily obscuring the invention.
Accordingly, the specification and drawings are to be regarded in an illustrative, rather
than a restrictive sense.

Definitions

[0050] “Bipolar membrane” or “BPM” is a membrane comprising plural layers
including an anion exchange layer on one side and a cation exchange layer on
another side. A bipolar membrane may comprise one or more layers between the
anion exchange layer and the cation exchange layer. For example, an intermediate
layer may comprise a catalyst which facilitates dissociation of water into protons and
hydroxide ions. The anion exchange layer may conduct hydroxide ions. The cation
exchange layer may conduct protons. An example bipolar membrane is Fumasep
FBM™ available from FUMATECH BWT GmbH.

[0051] “Cation exchange membrane” or “CEM” is a membrane that is selectively
permeable to cations. One example of such cations is protons (H*). Protons move
from the anode to the cathode through a cation exchange membrane. An example

cation exchange membrane is Nafion™.,
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[0052] “Membrane electrode assembly” or “MEA” is an assembly comprising an
anode and a cathode separated by an ion exchange membrane. The anode and the
cathode may respectively comprise catalysts suitable for promoting oxidation

reactions at the anode and reduction reactions at the cathode.

[0053] “Flow cell” refers to an electrochemical cell in which a catholyte and/or anolyte
are flowed through the cell while the cell is in operation. A non-limiting example
construction of a flow cell provides flow plates separated by an MEA. An anode flow
plate is located at the anode side of the MEA and a cathode flow plate is located at
the cathode side of the MEA. The anode and cathode flow plates comprise flow
channels that respectively receive an anode feed and a cathode feed. A power supply
is connected across the anode and cathode of the MEA in the flow cell to drive

oxidation reactions at the anode and reduction reactions at the cathode.

[0054] “Current density” is total current divided by the geometric surface area of an
electrode. For example, an electrode having an area of 100 cm? carrying an electrical

current of 20 Amperes would have a current density of 200 mA/cm2.

[0055] “Faradaic efficiency” (F.E.) is a measure of the efficiency with which an
electron transfer reaction generates a desired product. Faradaic efficiency can be
reduced by side reactions which create undesired products or by further reactions
which consume the desired product after it is produced. F.E. for a gaseous product k
may be determined in accordance with Equation 1.

n FxeE,
!

FE =
(Eq. 1)
where ny is the number of electrons exchanged, F is Faraday’s constant (F = 96,485
C/mol), xx is the mole fraction of the gas k in the gaseous mixture analyzed, Fp, is the
molar flow rate in mol/s, and / is the total current in A. The molar flow rate may be
derived from the volume flow rate Fy by the relation F, = pF/RT, with p being the
atmospheric pressure in Pa, R the ideal gas constant of 8.314 J/mol Kand T the

temperature in Kelvin.

[0056] “Oxygen evolution reaction” or “OER” is the process of generating molecular
oxygen by an electrochemical reaction. An example of an oxygen evolution reaction is

the oxidation of hydroxide, in accordance with Equation 2.
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40H(aq) - 4" > 2H20¢) + Oz
(Eq. 2)
[0057] “Hydrogen oxidation reaction” or “HOR” is an electrochemical reaction that
involves the oxidation of hydrogen molecules. The reaction products depend on the

environment in which the reaction occurs. The environment may be acidic or alkaline.

[0058] “Substantially free of gaseous CO2” when applied to a catholyte comprising
bicarbonate ions means that if the catholyte carries any gaseous CO2, the molar ratio
of gaseous CO- carried by the catholyte to bicarbonate (HCOz3") ions in the catholyte
is not more than about 2% per minute at which the catholyte is delivered into the
electrochemical cell. “Substantially free of gaseous CO>” when applied to a feed to a
cathode chamber that encloses a cathode at which bicarbonate ions undergo an
electrochemical reaction means that if the feed includes any gaseous CO», the molar
ratio of gaseous CO: introduced to the cathode chamber with the feed to the
bicarbonate (HCO3") ions that react at the cathode is not more than about 2% per

minute at which the feed is supplied to the cathode chamber.

Example Embodiments

[0059] Aspects of the invention relate to a particularly efficient method of electrolyzing
bicarbonate which involves coupling a reduction reaction at the cathode of an
electrochemical cell which reduces bicarbonate with an oxidation reaction at an
anode of the electrochemical cell which generates protons. The oxidation reaction
provides a source of protons (H*) for the reduction of bicarbonate. In example
embodiments, the electrochemical method involves coupling a hydrogen oxidation
reaction (HOR) at the anode with the direct reduction of bicarbonate solution at the
cathode. The coupling of HOR with the direct reduction of bicarbonate solution can
provide highly efficient conversion of bicarbonates to useful chemical products.
[0060] The bicarbonate solution may be obtained from a carbon capture process.
[0061] The basic approach of a carbon capture process is to use chemical reactions
to capture CO2 from the atmosphere. A capturing solution may be used to react with a
gas containing carbon dioxide such as an atmospheric gaseous source, flue gas,
exhaust gas, or the like to capture CO- from the gas. In some carbon acapture
technologies the gas is contacted with the capturing solution in a gas-liquid contacter.
A suitable capturing solution may for example be a strong base (e.g., solution of KOH
or NaOH) or an amine-based solvent. The product of the carbon capture process may
be supplied to an electrochemical cell to yield useful chemical products.

9
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[0062] In embodiments of this invention, a solvated product of the carbon capture
process (e.g. bicarbonate ions) is directly supplied to the electrochemical cell for
reduction.

[0063] Particular applications of such electrochemical methods relate to the efficient
conversion of bicarbonate obtained by carbon capture into useful chemical products
such as C1 (one-carbon molecule), C2 (two-carbon molecules) and C2+ (two or more
carbon) products. Non-limiting examples of C1, C2 and C2+ compounds include
carbon monoxide, formate, formic acid, ethylene and propanol.

[0064] In example embodiments involving the direct electrolysis of bicarbonate
solution to carbon monoxide by coupling the reduction and oxidation reactions, the
electrolysis is operated at a current density of at least about 500 mA cm2with an
applied electrical potential of about 2.3 V. A current density of 500 mA cm=2 may be
calculated as a partial current density at the cathode of about 220 mA cm=2. In these
example embodiments in which an electrical potential of about 2.3 V is applied, the
amount of CO2 utilized in the reduction reaction (i.e., the COz2 utilization rate) of at
least 40% can be achieved.

[0065] In example embodiments in which the electrolysis is operated at a current
density of 100 mA cm2, a faradaic efficiency of at least about 40% can be achieved.
A faradaic efficiency of at least about 89% at a current density of about 100 mA cm-2
can be achieved in example embodiments in which a pressurized bicarbonate
solution is supplied to the cathode.

[0066] FIG. 1 is a flow chart illustrating the steps of an example electrochemical
method 10. In block 12, an electrical current and/or potential is applied between an
anode and a cathode. In block 14, hydrogen gas (H2) is supplied at the anode. In
block 16, the hydrogen gas (H2) undergoes an oxidation reaction to produce protons
(H+). The protons (H+) permeate through an ion exchange membrane toward the
cathode (block 18). In block 20, a bicarbonate (HCO3") solution is supplied at the
cathode. The bicarbonate undergoes a reduction reaction by reacting with the protons
(H+) produced by the oxidation reaction to form one or more useful chemical products
(block 22). The oxidation reaction at block 16 is performed simultaneously with the
reduction reaction at block 22.

[0067] The one or more useful chemical products is optionally separated (block 24).
The one or more products may be separated by for example using a selective

membrane or other technologies. Some or all of the products may be collected and/or

10
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stored (block 25). One or more other products may be recycled back to the anode
and/or cathode (block 26). The one or more other products may be used as reactants

in one or both of the reduction and oxidation reactions.

[0068] In some embodiments, the one or more useful products comprise a liquid
product. In some embodiments, the one or more useful products comprise a gaseous
product. The one or more useful products may comprise hydrogen gas. The hydrogen
gas (H2) may be recycled back to the anode as a reactant to participate in the
oxidation reaction. The one or more useful products may comprise a carbon-
containing compound. The carbon-containing compound may be a C1, C2, or C2+
compound. In some embodiments, the carbon containing compound comprises one

or more of carbon monoxide, formate, formic acid, ethylene and propanol.

[0069] In example embodiments, the useful products comprise CO2, CO and Ha. In
example embodiments, the useful products comprise no more than 50% COa. In
example embodiments, the useful products comprise no more than 30% COa.

[0070] In some embodiments, a gas is supplied to the bicarbonate solution (HCOz) to
form a pressurized bicarbonate solution (block 28) prior to the supplying the solution
to the cathode at block 20. For example, a suitable gas may be introduced to a
catholyte reservoir carrying the bicarbonate solution (HCOs3). A non-limiting example
of a suitable gas is nitrogen gas (N2), argon gas (Ar) and the like In example
embodiments, the pressure of the bicarbonate solution is maintained within the range
of from about 1.1 atm to about 40 atm. In some embodiments, the pressure of the
bicarbonate solution is maintained within the range of from about 1.1 atm to about 20
atm.

[0071] Supplying a pressurized bicarbonate solution (HCOz3) at the cathode has the
advantage of increasing the solubility of COa2 in the catholyte. This may result in
decreasing the amount of i-CO2 being converted into gas bubbles which may escape
the electrolyte. “-CQO2” refers to the in-situ CO> that is formed from the reduction
reaction between protons (H*) and bicarbonate solution (HCOs3))). A greater amount of
CO2 may thus be present to participate in further reduction reactions to form desired
products such as CO. Supplying a pressurized (HCOz") at the cathode facilitates an
increase in faradaic efficiency for the desired product(s) and/or the rate of
electrochemical reduction reaction. The electrochemical reduction of a pressurized

bicarbonate solution (HCOs3") advantageously improves product selectivity.
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[0072] Electrochemical method 10 may be tuned to optimize one or more of product
selectivity, current efficiency and reaction rate of each of the electrolysis reaction by
adjusting one or more of:
¢ conditions of the flow cell such as temperature, pH, pressure, etc.; and/or
o flow rate and/or composition of the reactants and/or catholyte and/or anolyte;
and/or
o characteristics of the ion exchange membrane such as the thickness, porosity,
etc.; and/or
¢ electrical operating conditions such as the applied electrical potential; and/or
» characteristics of the cathode and/or anode electrodes such as the material
and method of fabrication; and/or
¢ nature of the cathode and/or anode catalyst;
e efc
[0073] The products of electrochemical method 10 may be selectively targeted. This
may for example be done by selecting a cathode catalyst that favors the production of
the desired product(s). In one example, a silver cathode catalyst may be selected to
favor the production of CO2/CO. In another example, a bismuth cathode catalyst may
be selected to favour the formation of formate while suppressing the formation of CO.
In a further example, C2+ compounds are desired. Different methods that may be
used to selectively promote the production of C2+ compounds include for example
selecting a copper cathode catalyst and/or modifying a catalyst surface and/or
creating a basic (or high pH) local environment near the cathode, etc.
[0074] Adjusting the pressure of the bicarbonate solution (HCOs3") being fed at the
cathode and the cathode catalyst alone or in combination may achieve the desired

product selectivity and/or current efficiency of the reaction.

[0075] Aspects of the methods and apparatuses of this invention relate to
electrolyzing bicarbonate to yield useful products at low applied electrical potentials

while achieving high current densities.

[0076] In some embodiments, the electrolysis is operated at an electrical potential
difference applied between the cathode and the anode of less than 5V. In some
embodiments, the electrolysis is operated at an electrical potential difference applied
across the cathode and the anode is less than 3V. In some embodiments, the

electrolysis is operated at an electrical potential difference applied between the
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cathode and the anode of about 1V to about 5V including any value therebetween
suchas 4.5V, 4V, 35V,3V,25V, 2V, 15V, 1V, 0.5V, etc.

[0077] In some embodiments, an electrical potential difference applied between the
anode and the cathode introduces a current density of about 50 mA cm2 to about
1000 mA cm2, including any value therebetween such as 100 mA cm2, 150 mA cm?,
200 mA cm2, 250 mA cm2, 300 mA cm2, 350 mA cm2, 400 mA cm2, 450 mA cm2,
500 mA cm2, 550 mA cm2, 600 mA cm-2, 650 mA cm2, 700 mA cm2, 750 mA cm2,
800 mA cm=2, 850 mA cm=2, 900 mA cm=2, 950 mA cm2, etc. In some embodiments,
the current density is maintained at a level of at least 100 mA cm2. In some
embodiments, the current density is maintained at a level of at least 500 mA cm™2. In
some embodiments, the partial current density at the cathode is maintained at a level

of at least 200 mA cm=2.

[0078] In an example embodiment, the electrolysis is operated at a current density of
about 500 mA cm with an electrical potential difference applied between the anode
and the cathode of about 2.3 V. In another example embodiment, the electrolysis is
operated at a current density of about 100 mA cm2with an electrical potential
difference applied between the anode and the cathode of about 1.7 V. A current
density of 500 mA cm may be calculated as a partial current density at the cathode
of about 220 mA cm=2. In these example embodiments, the amount of CO> utilized in
the reduction reaction (i.e., the CO2 utilization rate) of between about 20% to about
40% can be achieved. In an example embodiment, the CO> utilization rate is at least
about 40%.

[0079] Aspects of the methods and apparatus of this invention relate to converting
bicarbonate to useful products at high faradaic efficiencies. High faradaic efficiencies
may be achieved with low current densities. In example embodiments, the faradaic
efficiency of greater than about 70% may be achieved with an applied current density
of about 100 mA cm2. In example embodiments, the faradaic efficiency of greater
than about 40% may be achieved with an applied current density of about 500 mA
cm=2. In some embodiments, the electrical potential applied across the anode and the
cathode introduces a current density about 50 mA cm2 to about 1000 mA cm2.
[0080] FIG. 2 illustrates an example electrochemical cell of a type that may be used
to perform electrochemical method 10. FIG. 2 depicts some of the electrochemical

reactions that are believed to occur in an electrochemical flow cell according to an
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example electrochemical method 10. The example method shows the reactions that
are believed to occur in the conversion of bicarbonate to carbon monoxide. This is
only an example. The electrolysis of bicarbonate using electrochemical method 10
may produce other useful chemical products. Different chemical reactions will occur in
the production of the other useful chemical products.

[0081] Electrochemical reactor 100 comprises at least one electrochemical flow cell
102. Flow cell 102 comprises a cathode 106 and an anode 108. An ion exchange
membrane 110 separates cathode 106 and anode 108. Cathode 106 is exposed to a
cathode chamber 111. Anode 108 is exposed to an anode chamber 112.

[0082] In some embodiments, ion exchange membrane 110 is pressed against one or
both of cathode 106 and anode 108. In some embodiments, cathode 106 and anode
108 are compressed on opposing sides of ion exchange membrane 110. In such
electrochemical cell designs, the inter-electrode gap between the electrodes is equal
to the thickness of ion exchange membrane 110. Such a design is known as a “zero-
gap” electrolyzer. Embodiments of this invention are not limited to a zero-gap
electrolyzer. Another example cell construction provides an electrochemical cell
comprising an anode, a cathode and a membrane separating the anode and the
cathode. The anode and the cathode in this example cell are arranged spaced-apart
from the membrane.

[0083] A power source 114 is connected to apply a potential difference between
cathode 106 and anode 108. A negative electrical charge is applied to the cathode. A
positive electrical charge is applied to the anode. An oxidation reaction 116 takes
place at anode 108. A reduction reaction 118 takes place at cathode 106. Power
source 114 may be configured to maintain a desired electric current between cathode
106 and anode 108 and/or to maintain a potential difference between cathode 106
and anode 108 at a desired level or in a desired range.

[0084] Cathode 106 may comprise any materials suitable for use as an electrode.
Such material may comprise a catalyst suitable for promoting the electrochemical

production of desired products when bicarbonate solution is supplied to flow cell 102.

[0085] Anode 108 may comprise any materials suitable for use as an electrode. Such
material may comprise a catalyst suitable for driving a hydrogen oxidation reaction
(HOR).

[0086] Cathode 106 and/or anode 108 may comprise a gas diffusion electrode (GDE).

In some embodiments, cathode 106 and/or anode 108 is made of one or more metal,
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alloy or a supported metal/alloy catalyst. The metal may be any transition metal, or
combination of one or more transition metals. Cathode 106 and/or anode 108 may be
porous. An example of a porous electrode may be a foam. The foam may for example
be made of a metallic material. In an example embodiment, anode 108 comprises
platinum supported on carbon black. In an example embodiment, cathode 106

comprises a free-standing layer of porous silver (Ag) foam.

[0087] lon exchange membrane 110 may be arranged to allow the transport of
protons (H+) produced from oxidation reaction 116 at anode 108 to cathode 106. In
some embodiments, ion exchange membrane 110 is a cation exchange membrane.
The cation exchange membrane is in some example embodiments commercially

available under the product name Nafion™.

[0088] In some embodiments, the thickness of ion exchange membrane 110 is in the
range of from 10 ym to 300 um. The thickness of ion exchange membrane 110 may
for example be chosen based on the expected pressure differential across ion
exchange membrane 110 during operation of electrochemical cell. n an example
embodiment, the thickness of ion exchange membrane 110 is about 25 um when the
operating pressure at cathode 106 is at an ambient atmospheric pressure (for
example at about 1 atm). In another example embodiment, the thickness of ion
exchange membrane 110 is about 50 um when the operating pressure at cathode
106 is at about 3.5 atm.

[0089] In some embodiments, a buffer layer may be arranged to separate ion
exchange membrane 110 from cathode 106. The buffer layer may comprise
microfluidic channels. The microfluidic channels allow the transport of protons (H+)
through the buffer layer. In such embodiments, protons (H+) that are produced at
anode 108 permeate through both ion exchange membrane 110 and the buffer layer
before flowing into cathode chamber 111. Including a buffer layer may facilitate the
selective formation of desired products. This may be done by suppressing the
transport of protons (H+) to cathode 106. In one example embodiment, the buffer
layer has a thickness of about 500 um. The thickness of the buffer layer may
however be adjusted based on the operating conditions of electrochemical cell 100. In
some embodiments, cathode 106 and ion exchange membrane 110 are compressed
on opposing sides of the buffer layer. In other embodiments, cathode 106 and ion

exchange membrane 110 are arranged spaced-apart from the buffer layer.

15



WO 2022/155754 PCT/CA2022/050094

[0090] A bicarbonate solution (HCO3Y) is supplied to cathode 106 as a catholyte. The
bicarbonate solution (HCOz3) is in some embodiments supplied in the absence of a
gaseous CO; feed. In some embodiments, cathode 106 is supplied with bicarbonate
solution (HCO3Y) that is substantially free of gaseous COz. In some embodiments, the
amount of CO2 gas carried by the catholyte containing bicarbonate ions (HCO3) is
less than about 5 sccm per cm? of the surface area of the cathode. [0091] A
suitable anolyte may be supplied to anode 108. A suitable anolyte facilitates the
oxidation reaction at anode 108 by providing electrons to Hxto yield protons (H*). A
suitable anolyte may be an acid. Non-limiting examples of suitable anolytes include H-
2S04, HCI, H3PO..

[0092] Hydrogen gas (Hy) is supplied to anode 108. H> undergoes oxidation reaction
116 at anode 108. In example embodiments, oxidation reaction 116 is a hydrogen
oxidation reaction (HOR). HOR at anode 108 yields protons (H+). The HOR may

occur in accordance with Equation 3 below.

Hog = 2H* (g + 2e-
(Eq. 3)

[0093] The protons (H+) may permeate through ion exchange membrane 110 toward
cathode 106 to participate in reduction reaction 118. The protons participate in
reduction reaction 118 by reacting with bicarbonate ions (HCOz3) at cathode 106 to
form one or more useful compounds. The one or more useful compounds may for
example include carbon dioxide CO»2, CO and Ha. This acid/base equilibrium reaction
between HCO3 and H+ at or near the electrocatalyst surface of cathode 106 may

occur in accordance with Equation 4 below.
H*@q) + HCO3'@q) = CO2g + H20y)
(Eq. 4)

[0094] In some embodiments, at least some of the resulting CO2 undergoes catalyzed
electrochemical reactions at cathode 106 to yield CO. These COz reduction reactions

may occur in accordance with Equations 5-7 below.

2HCO3 + CO2 + 2e" > CO + 2C032+ H0
(Eq. 5)
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2H* + COz2 + 2¢- > CO + H,0

(Eq. 6)
H20 + CO; + 2e- > CO + 20H-

(Ea. 7)

Protons and/or water may be reduced at cathode 106 in accordance with Equations 8
and 9 to yield Ha.

2H;0 + 2e" > Hp + 20H-
(Eq. 8)
2H* + 2e" > Hp
(Eq. 9)

[0095] The H2 produced at cathode 106 may be recycled to anode 108 for reuse in
oxidation reaction 116. H2 produced at cathode 106 may be separated from the other
products (e.g., CO) before recycling back to anode 108. In some embodiments,
unreacted or excess Hz that flows out of cell 100 is recycled back to anode 108 for

reuse.

[0096] In some embodiments, the concentration of bicarbonate solution being
supplied to cathode 106 for reaction with protons (H+) is in the range of about 0.1 to
about 6 M. In some embodiments, the concentration of bicarbonate solution is in the

range of from about 0.1 M to about 3.3 M.

[0097] In some embodiments, the electrolysis is operated at a temperature in the
range of from 0 to about 80°C. In some embodiments, the electrolysis is operated at a

temperature in the range of from about 60°C to about 80°C.

[0098] In some embodiments, hydrogen gas (Hy) is heated to a temperature before
being supplied to anode 108. In some embodiments, hydrogen gas (H2) is heated to a
temperature in the range of from about 40°C to about 80°C. In some embodiments,

hydrogen gas (H2) is heated to a temperature of about 60°C.

[0099] In some embodiments, the electrolysis is operated at an operating pressure at
cathode 106 and/or anode 108 in the range of from about 1 atm to about 40 atm. In
some embodiments, the operating pressure at cathode 106 and/or anode 108 is in
the range of from about 4 atm to about 40 atm. In some embodiments, the operating

pressure at cathode 106 and/or anode 108 is in the range of from about 10 atm to
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about 40 atm.

[0100] The flow rates at which bicarbonate solution and hydrogen gas (H>) are
delivered to cathode 106 and anode 108 may be scaled according to the area of the
electrode. In some embodiments, the flow rate at which bicarbonate solution is
delivered to cathode 106 is in the range of from about 70 mL min-'to about 100 mL
min-! for a cathode having a geometric surface area of 4 cm2. In some embodiments,
the flow rate at which hydrogen gas (H) is delivered to anode 108 is in the range of

from about 1 sccm cm2 (anode) to about 100 sccm cm2 (anode).

[0101] FIG. 3 is a schematic diagram showing a flow electrolyzer according to an
example embodiment. FIG. 4 is a block diagram illustrating a cation exchange
membrane-based electrochemical reactor including ancillary equipment according to

an example embodiment.

[0102] Referring to FIGS. 3 and 4, in some embodiments, electrochemical cell 100
comprises a flow cell 102. In such embodiments, a cathode flow plate 120 is pressed
against cathode 106. An anode flow plate 122 may be pressed against anode 108. An
inlet 124 of cathode flow plate 120 may be fluidly connected to a catholyte reservoir
126. Catholyte reservoir 126 contains bicarbonate solution. Bicarbonate solution may
be delivered to cathode 106 by flowing through the inlet 124 of cathode flow plate
120. An outlet 128 of cathode flow plate 120 may also be fluidly connected to a
collector (not shown). Useful products may flow out of cell through outlet 128 of
cathode flow plate 120. Useful products may be separated from one anotherin a
separator 121. Some of the separated products may be stored in a collector 123.

Some of the separated products may be recycled back to flow cell 102.

[0103] An inlet 130 of anode flow plate 122 may be fluidly connected to an anolyte
reservoir 132. Anolyte reservoir 132 contains any suitable anolyte such as an acidic
anolyte. Inlet 130 of anode flow plate 122 may also be fluidly connected to a gas tank
comprising hydrogen gas (H2) (not shown). H2 and anolyte may be delivered to anode
108 by flowing through the inlet 130 of anode flow plate 122. An outlet 134 of anode
flow plate 122 may be fluidly connected to an electrolyte drain (not shown). Unreacted

H2> may flow out of cell 100 through outlet 134 of anode flow plate 122.

[0104] Housings 140, 142 may be arranged to press against cathode and anode flow

plates 120, 122 respectively.
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[0105] A catholyte pump 144 may be arranged to deliver the bicarbonate solution to
cathode 106. Catholyte pump 144 may deliver bicarbonate solution through cathode
flow plate 120. An anolyte pump 146 may be arranged to deliver anolyte to anode
108. A reactant pump 148 may be arranged to deliver H2 to anode 108. Anolyte
pump 146 may deliver anolyte through anode flow plate 122. Reactant pump 148 may

be arranged to deliver H2 through anode flow plate 122.

[0106] One or more flow meters (not shown) may be provided to monitor the flow
rates at which bicarbonate solution, hydrogen gas and/or anolyte are delivered to
cathode 106 and anode 108. Pumps 144, 146, 148 may be communicatively
connected to the flow meter(s) to maintain a desired flow rate at which bicarbonate

solution, hydrogen gas and/or anolyte are delivered to the electrodes.

[0107] In some embodiments, a source of gas 150 is delivered to catholyte reservoir
126 to increase the pressure of the bicarbonate solution. Other suitable methods and
technologies of increasing the pressure of the bicarbonate solution may alternatively

be used.

[0108] In some embodiments, one or more pressure sensors 152A, 152B are
provided to measure the pressure of the bicarbonate solution being supplied to
cathode 106 and being returned to catholyte reservoir 126 respectively. A mass flow
controller 154 may be provided to monitor the flow rates at which the source of gas is
supplied to catholyte reservoir 126. One or more pressure valves 156 may be
provided to control the amount of gas is supplied to catholyate reservoir 126.
Pressure sensors 152A, 152B, mass flow controller 154 and/or pressure valves 156

may be communicatively connected.

[0109] An aqueous solution comprising carbonate ions (CO2’) may in some
embodiments be supplied to cathode 106. In one example embodiment, catholyte
reservoir 126 contains an alkali metal carbonate such as potassium carbonate
(K2COs).

[0110] Aspects of the invention relate to combining methods and apparatuses of
electrolytic conversion of bicarbonate with upstream processes and apparatuses for

preparing one or more reactants for the electrolysis.

[0111] In some embodiments, electrochemical method 10 is combined with an

upstream carbon capture process. In one example carbon capture process, COz is
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absorbed from a gaseous source (e.g., air, flue gas, exhaust gas) by reacting the
gaseous source with a liquid sorbent to yield bicarbonate (HCO3") in an aqueous
solution. The liquid sorbent may for example be a caustic alkaline solution (e.g.,
NaOH or KOH), or an amine based solvent (e.g., aqueous alkanolamine (e.g. tri-ethyl
amine), diethanolamine (DEA), monoethanolamine (MEA), Methyldiethanolamine
(MDEA), Diisopropanolamine (DIPA) and Aminoethoxyethanol (Diglycolamine)
(DGA)). The bicarbonate solution may be supplied as a catholyte for use in

electrochemical method 10.

[0112] In some embodiments, electrochemical method 10 is combined with an
upstream hydrogen gas production process. In one example method, hydrogen gas is
produced from natural gas. The method involves heating the natural gas and reacting
the heated natural gas with steam (H20) in the presence of a catalyst such as nickel.
This reaction forms CO and Ha. Other hydrogen gas production processes include for
example biomass gasification (e.g., method which involves heating the organic
material and reacting the heated organic material with oxygen (O2) and steam (H2O)
to produce H2 and CO2), and water electrolysis (e.g., method of applying an electrical

potential to split water (H2O) into hydrogen (Hz) and oxygen (Oy).

[0113] The invention is further described with reference to the following specific

examples, which are not meant to limit the invention, but rather to further illustrate it.
EXAMPLES

[0114] An electrochemical cell of the type illustrated in FIG. 3 and the method of
performing electrolysis illustrated in FIGS. 1 and 2 were used to convert liquid
bicarbonate (KHCO3) to useful compounds. In the example embodiment, cathode 106
comprises a free-standing silver foam. Anode 108 is a gas diffusion electrode (GDE).
Anode 108 comprises platinum supported on carbon black. lon exchange membrane
110 may be a cation exchange membrane. This system is also referred to herein as
the HOR|Nafion|HCOs™ system.

[0115] An electrochemical cell of the type illustrated in FIG. 5 was used as a control
system to convert liquid bicarbonate (KHCOs3) to gaseous carbon dioxide (COz()) for
comparative purposes. The control system comprises an electrochemical cell 200.
Electrochemical cell 200 comprises a cathode 202 and an anode 204. Cathode 202
and anode 204 are separated by a bipolar membrane (BPM) 206. In the example
embodiment, cathode 202 comprises a free-standing silver foam. Anode 204
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comprises a free-standing nickel foam. BPM 206 has a thickness of 195 um. The
anolyte electrolyte used in the example embodiment is potassium hydroxide (KOH).

This system is also referred to as the OER|BPM|HCO3" system.

[0116] An example method of operating the OER|BPM|HCO3 system comprises
applying an electrical potential between anode 204 and cathode 202. Application of
the electrical potential causes water to dissociate into hydroxide ions (OH-) and
protons (H+) at BPM 206. Protons (H+) may permeate through the cation exchange
layer of BPM 206 to travel toward cathode 202. Protons (H+) may react with
bicarbonate ions at cathode 202 to form useful products. Hydroxide ions (OH-) may
permeate through the anion exchange layer of BPM 206 toward anode 204.
Hydroxide ions (OH-) may participate in an oxidation reaction at anode 204 to form

one or more oxidized products.

Example 1

[0117] FIG. 7 is a graph comparing the cell voltage (Vcen) values measured as a
function of current density for the electrolysis of bicarbonate using the
OER|BPM|HCOs3s control system and the HOR|Nafion|HCO3 system. The electrolysis
using the OER|BPM|HCOz3; control system was operated at a pressure of 1.0 atm.
The electrolysis using the HOR|Nafion|HCO3s" system was operated at two different
pressures for comparison, specifically at pressures of 1.0 atm and 3.5 atm. Cation
exchange membranes of different thicknesses were used for the electrolysis using the
HOR|Nafion|HCO3" system at the different operating pressures. The cation exchange
membrane used for the electrolysis at an operating pressure of 1.0 atm has a
thickness of 25 um. The cation exchange membrane used for the electrolysis at an
operating pressure of 3.5 atm has a thickness of 50 um.

[0118] The electrolysis using the HOR|Nafion|HCO3 system at the operating pressure
of 3.5 atm was performed by supplying a gas to the catholyte reservoir containing
bicarbonate solution to pressurize the solution before supplying the solution to the
cathode. An example illustration is shown schematically in FIG. 6.

[0119] The results show that the control system required Vcei0f 4.0 £ 0.3V in order to
maintain a current density of 100 mA cm2. This value is more than twice as high as
the HOR|Nafion|HCO3s™ system that performs HOR at the anode. The Vcen of the
control system spiked to 12.7 + 3.3V at 500 mA cm-2, whereas the V¢ of the
HOR|Nafion|HCO3 system was at 2.3 + 0.1 V at the same current density.
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[0120] The results show that the pressurized HOR|Nafion|HCO3™ system at 3.5 atm
yielded a FEco of 89 + 11% at 100 mA cm-2 and 44 + 1% at 500 mA cm2. The molar
composition of the gasses in the cathode outlet stream at 500 mA cm2 was CO2(g)
(30%), CO(g) (22%), H2(g) (48%). The HOR|Nafion|HCO3  system achieved a partial
current density for CO (Jco) of about 200 mA cm, which is higher than values
reported for CO2RR electrolyzers which use a liquid feedstock (as shown in the FIG.
9 plot). The CO> utilization value was measured to be 40 = 2%.

[0121] FIG. 8 is a graph comparing the modified cell voltage (Vcer) values measured
as a function of current density of the electrolysis of bicarbonate using the FIG. 5
control system and the electrolysis of bicarbonate using the FIG. 3 flow electrolyzer.
Both of the electrolysis occurred under an operating pressure of 1.0 atm. The
modified cell voltages (Vcen) values were calculated by subtracting the thermodynamic
1.23 V OER potential from the control system.

Example 2

[0122] The stability of the HOR|Nafion|HCO3" system was tested by measuring the
voltage change during a 10 hour bicarbonate electrolysis at 100 mA cm2 at an
operating pressure of 3.5 atm. FIG. 10 is a plot of the cell voltage (V) as a function of
time (h) showing the voltage changes during the 10 hour electrolysis. The results
show that the cell voltage was stable at 1.7 V. This shows that the system is stable for
10 hours.

Example 3

[0123] FIG. 12A is an exploded perspective view of an example HOR|Nafion|HCO3-
system showing a recycle stream that delivers H2 produced at cathode 106 to anode
108. In this example, cathode 106 comprises bismuth (Bi/C) based electrode to favor
the formation of formate. Anode 108 is a gas diffusion electrode (GDE). Anode 108
comprises platinum supported on carbon black. In this example, the cathodic product
stream was directly recycled into anode 108 with KOH solutions to remove the
excessive in situ generated CO2.

[0124] FIG. 12B is a plot of the cell voltage (V) as a function of time (h) measured at a
current density of 100 mA cm2for one hour comparing the Ve profiles of bicarbonate
electrolysis using fresh H2 feedback and with recycled H2 from the cathode.

[0125] FIG. 12B shows that the H2 recycling has minimal effect on the cell voltage
over one hour of electrolysis. The results suggest that the recycling strategy is

effective for reducing Hz cost and increasing Ho utilization.
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Example 4

[0126] The difference in i-CO2 released between the OER|BPM|HCOs~ and
HOR|Nafion|HCO3~ systems during constant current density electrolysis at 100 mA
cm? was measured. The results showed that the OER|BPM|HCO3~ system produced
more i~-CO2 than the HOR|Nafion|HCOs~ system (Table 1 below). The results also
suggest that differences in CO2 supply to the cathode may be the cause of the
different FEco values observed between the OER|BPM|HCO3™ and
HOR|Nafion|HCO3~ systems.

[0127] A hypothesis is that anionic crossover from cathode to anode in a bicarbonate
electrolyzer may cause a reduction in the flux of H+ to the cathode because the total
ionic flux is constrained by the current density. BPMs have been shown to limit
crossover relative to Nafion membranes because water splitting (which drives H+)
dominates at high current densities relative to co- and counter-ion transport. It is
expected that protons are responsible for more ionic charge transport in the
OER|BPM|HCO3™ system than the HOR|Nafion|HCO3~ system.

Table S1. /-CO2 measured from the electrolyzer with different membranes at 100 mA
cm=.

OER|BPM|HCO3~ HOR|Nafion 212|HCO3-
i-CO2 (sccm) at 100 mA cm- | 4.0+ 0.5 3.7+04
2 1 atm
Example 5

[0128] The coupling of a HOR reaction at the anode with the reduction of carbonate
at the cathode using an electrolyzer to produce C2 compounds was tested. In this
experiment, cathode 106 comprises a free-standing copper (Cu) foam. Anode 108
comprises a Pt/C furnishing carbon composite electrode. lon exchange membrane
110 is a cation exchange membrane sold under the trademark Nafion™ 212.
Hydrogen gas (H2) was delivered to anode 108 at a flow rate of about 150 sccm. The
catholyte comprises 1 M potassium carbonate (K2COs). The potassium carbonate
was delivered to cathode 106 at a flow rate of about 50 mL min-'. The sampling time
was about 20 minutes. The electrical potential applied between cathode 106 and
anode 108 was between 1.9V and 2.1 V.
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[0129] The products were measured by gas chromatography, and the results are
shown in FIG. 14A. The results show that ethylene is present in the products. The
measured faradaic efficiency for ethylene (FEetnyiene) production was 1.5% at a current
density of 250 mA cm=2.

Other Materials

[0130] The CO2 reduction reaction (CO2RR) is a means of using electricity to convert
CO:z into fuels and chemicals. A commercial CO2RR electrolyzer will likely need to
operate at current densities (J) greater than 200 mA cm2 and cell voltages (Veer)
below 3 V. The highest-performing CO2RR lab-scale electrolyzers are now capable of
meeting these criteria when a pure gaseous CO2 feedstock is used. However, CO2RR
electrolyzers must be effectively integrated with upstream carbon capture units (as
well as downstream processes) to minimize capital and operational costs. A gaseous
CO- feedstock will inevitably require CO: isolation and compression steps. The
isolation of CO2 from air capture streams, for example, requires a series of reactions
that require significant energy (e.g., 22.8 MJ to convert 100 mol of KxCOs into COx).
The compression of CO2 (2.0 MJ/100 mol COz2) not only requires one-sixth the energy
required for electrolysis (12.4 MJ/100 mol CO3), but it also requires significant capital
expenditures ($1-10 million USD/MW). Finally, electrolytic CO2RR produces OH-,
which reacts with >70% of consumed CO> to form unreactive (bi)carbonates (Eq. 1A).
Consequently, <20% of gaseous COz is actually converted to product as it passes

through the cathode compartment of a CO2RR electrolyzer.
20H(ag) + CO2(g) = COz?~@@ag + H20y) Eq. 1A

[0131] The inventors sought to bypass these challenges by developing a CO2RR
electrolyzer that uses a liquid bicarbonate feed instead of gaseous CO,. The efficient
electrolysis of bicarbonate solutions (e.g., KHCOs(aq)) can form the same CO2RR
products as an electrolyzer fed with gaseous CO», but without the need for CO>
regeneration and pressurization.

[0132] Some embodiments of the invention do not use oxygen evolution reaction
(OER) at the anode. Some embodiments use hydrogen oxidation reaction (HOR) at
the anode. HOR facilitates the use of reduced applied potential difference across the
cathode and the anode in the electrolysis of bicarbonate while achieving high current

density.
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[0133] The standard half-cell potential (EO) for the hydrogen oxidation reaction (HOR;
Eqg. 5A) is merely 0.0 V vs. the reversible hydrogen electrode (RHE) (c.f. EO = +1.23
V vs. RHE for the OER).

40H (ag) - 46~ — 2H20() + Oz(g) Eq. 4A

Ha) - 26~ — 2H*(aq) Eq. 5A

[0134] The inventors report here a CO2RR electrolyzer designed to mediate
bicarbonate electrolysis at the cathode in tandem with hydrogen oxidation at the
anode. This system, contains an ion exchange membrane such as a cation exchange
membrane (e.g., Nafion™). The ion exchange membrane may be a perfluorinated
ion-exchange membrane. The ion exchange membrane may comprise a polymer, for
example a sulfonated tetrafluoroethylene based fluoropolymer-copolymer.

[0135] The ion exchange membrane separates the cathode and anode.
compartments. A prototype system operates with unprecedented performance
parameters: a Veey Of about 2.2 V (1.4 V after resistance compensation) at a current
density of about 500 mA cm2, and at a CO3 utilization value of >about 25%.

[0136] This electrolyzer is configured to use the HOR at the anode to form protons.
The protons are then transported through a Nafion membrane to the cathode
compartment for reaction with bicarbonate to form products, including CO2 (FIGS.
16A, 16B). The CO:2 is formed at an electrocatalyst surface. The CO: is therefore
positioned to be reduced to form CO2RR products such as CO.

[0137] In some embodiments the system comprises a “zero-gap” electrolyzer. A zero
gap electrolyzer (denoted “HOR|Nafion|HCO3~ to indicate the
anode|membrane|cathode configuration) presses the anode and cathode tightly
against opposite faces of a membrane (e.g. a Nafion membrane). The membrane
may, for example, have a thickness of about 25 um. Flowplates with serpentine
channels may be used to deliver humidified Hz2 gas and an aqueous solution
containing biocarbonate ions (e.g., 3 M KHCO:s) to the anode and cathode,
respectively (FIG. 3).

[0138] The anode may comprise a gas diffusion electrode (GDE). The GDE may, for
example comprise a platinum (Pt) catalyst supported on carbon black. A metallic

(e.g., silver) foam electrode may be used in the cathode chamber. The metallic foam
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electrode may be porous. In some embodiments, the cathode comprises a GDE. The
GDE may be coated with bismuth.

[0139] The prototype electrolyzer was used to perform electrolysis experiments at
applied current densities over a 100 to 1000 mA cm range. Product formation rates
of CO and Hz from the cathode compartment along with Vcer (the full cell voltage
measured across the anode and cathode) were recorded over the course of the
electrolysis experiments.

[0140] Using this reactor architecture, an electrolysis experiment at an applied current
density of 100 mA cm2 yielded a Vcey of 1.7 V. When the current density was held at
500 mA cm2 for 1 h, the measured Vces was held below 2.2 V for the duration of the
experiment (FIG. 17), which also sets a new benchmark for CO2RR electrolysis
(FIGS. 18 and 19). Importantly, the CO2 utilization values were measured to be >25%
at about 500 mA cm2.

[0141] The inventors have benchmarked these V ey values against those obtained
with our previously reported bicarbonate electrolyzer. This control system
(“OER|BPM|HCOS3"") contains a bipolar membrane (instead of Nafion) and mediates
OER at a nickel anode (instead of HOR at a platinum anode). In order to maintain a
current density of 100 mA cm-2, the control system required a Vcey of 4.4 V. This value
is more than twice as high as our new electrolyzer that performs HOR at the anode.
The Ve of the control system spiked to 18 V at 500 mA cm2, whereas the Ve 0f our
new electrolyzer was only 2.2 V at the same current density (FIG. 15). The voltage
penalties for water dissociation and the OER render the V¢ey of the control system
impractical for industrially-relevant current densities (i.e., J >200 mA cm2).

[0142] While the Ve and CO2 utilization values from our electrolyzer that couples
bicarbonate reduction and HOR are state-of-the-art, the prototype system had
measured faradaic efficiencies for CO production (FEco) of only 43% at 100 mA cm-2
(15% at 500 mA cm?; FIG. 15).

[0143] Thicker Nafion membranes were tested in an attempt to drive a higher proton
flux through the membrane. Results did not show any meaningful changes in FEco
values for membrane thicknesses of 25 and 50 pm.

[0144] In some embodiments, higher FEco values are achieved upon integration of a
microfluidic buffer layer between the silver foam cathode and Nafion membrane
(FIGS. 20A, 20B). The microfluidic buffer layer comprises a microfluidic channel

through which the protons flow. The microfluidic buffer layer may, for example, have a
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thickness of about 500-um. This buffer layer may facilitate suppression of hydrogen
evolution reaction (HER) by inhibiting H+ transport from the membrane to the surface
of the cathode (Eq. 5A). Our experiments corroborated this effect, as the FEco
increased from 47% to 71% at an applied current density 100 mA cm-2 with the thicker
50-um membrane (FIGS. 20A, 20B).

[0145] Notwithstanding, there is a substantial voltage penalty at high current densities
when the buffer layer is used (FIG. 21). Electrocatalysts that favor CO2RR over HER
in acidic media will be useful to increase FEco.

[0146] In some embodiments, the anode chamber is fed with H2 gas instead of
aqueous media (e.g., NaOH). In such embodiments, H: is produced by the
electrolysis of water or the steam-methane reformation (SMR) of natural gas. The
techno-economic analysis (TEA) shows that an electrolyzer as described herein can
produce CO profitably if the price of H2 gas remains below $2.3/kg (FIGS. 22A, 22B,
see below for details), a value that is within the current price range of H2 produced by
SMR (i.e., $1.0-2.4/kg). The inventors calculate that bicarbonate electrolysis coupled
with Hz produced by SMR is carbon-negative if the Hz utilization value is >32% (See
below for details). Hx utilization values >70% are expected based on related hydrogen
fuel cell studies.

[0147] In some embodiments an electrolyzer as described herein is coupled to
industrial processes (e.g., chlor-alkali process, chlorate production) where Hz is
generated as a waste by-product, and thus Hx(g) could be provided at an even lower
cost. In some embodiments Hx(g) is recycled to further minimize the cost of using
H2(9).

[0148] Results of the experiments shown in FIGS. 12A, 12B show that producing a
liquid product (e.g., formate) enables Hx(g) produced by HER to be recycled, thereby
reducing the amount of virgin Hz2 supplied to the system.

[0149] We demonstrate here an electrolyzer that mediates the conversion of
bicarbonate into CO (or formate) at the CO2 utilization values >25% at 500 mA cm-2.
By sourcing protons from the HOR instead of the OER, this electrolyzer requires
merely about 2.2 V to drive bicarbonate electrolysis at about 500 mA cm2. Moreover,
we show that the FEco of the electrolyzer can be increased to 71% at 100 mA cm2 by
integrating a 500-um buffer layer between the silver foam cathode and Nafion
membrane to slow the competitive HER. With these performance parameters, our

TEA shows that this new electrolyzer can produce CO economically at the market

27



WO 2022/155754 PCT/CA2022/050094

price for Hz gas. These findings demonstrate a practical method for producing value-

added carbon products from bicarbonate solutions with high energy efficiency.
Materials and Methods

[0150] In the prototypes and experiments described herein, the materials that were
used to construct an electrochemical cell of the type illustrated in FIG. 3 and the
control system of the type illustrated in FIG. 5 are described below. The methods of
operating the systems to reduce bicarbonate and the calculations of the results

obtained therefrom are also described.

[0151] KHCOs3 (99.5%, Alfa Aesar, USA), 50 wt% platinum on Vulcan XC 72
nanopowder (PK catalyst) and ethylenediaminetetraacetic acid (EDTA; 99%, Sigma
Aldrich, USA) were purchased and used as received. Carbon cloth gas diffusion
layers (GDLs; Sigracet 39BB), Fumasep FBM bipolar membranes (BPMs), and
Nafion PFSA NR-211 and 212 were purchased from Fuel Cell Store (USA). The
BPMs were stored in 1 M NaCl and the Nafion membranes were stored in 1 M KOH
prior to use. Silver foams were obtained from Jiangsu Green Materials Hi-Tech. Co.
Ltd. (China). Nafion® 117 solutions (5 wt%; in a mixture of lower aliphatic alcohols

and water) were obtained from Sigma Aldrich, USA.

[0152] A CH instrument 660D potentiostat (USA) equipped with an Amp booster was
used for all electrolysis experiments. An Ag/AgCl (3 M NaCl) reference electrode
(BASI®) was used for cathode potential measurements. A gas chromatography
instrument (GC; Perkin EImer, Clarus 580), equipped with a packed MolSieve 5 A
column and a packed HayeSepD column was used to detect CO and Hz using a
flame ionization detector (FID) and a thermal conductivity detector (TCD),
respectively. The concentrations of the products CO and Hz (ppm) in the headspace
of the catholyte reservoir were quantified by calibrating the signal area for CO and H2

to known concentrations of the two gases.

Electrode Preparation

[0153] The silver foam was cut into the desired dimension (2 x 2 cm) with a blade and
washed with acetone and water. The silver foam was treated with dilute nitric acid
solution (30% v/v HNO3) in a 50 ml beaker for 10 s to remove the oxide layer and
increase its electrochemical surface area. The etched silver foam was then washed

thoroughly with deionized (DI) water and 3 M KHCOs prior to use.
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[0154] To fabricate the Pt/C furnishing gas diffusion electrode (GDE), 8 mg Pt/C was
added into a 2.5 ml mixture of water and isopropanol (IPA) solution (VH20O : VIPA =

4 : 1) with 20 wt% Nafion solution (5 wt%). The ink was sonicated in a bath sonicator
for 15 mins and then drop-casted onto a GDL. The fabricated GDEs were then stored

in a fume hood to dry overnight.

Electrolysis

[0155] A peristaltic pump was used to deliver 1.0 M KOH to the anode of the control
system at a constant flow rate of 40 ml min-'. High purity H2 (100-200 sccm, 99.999%)
was humidified in a bubbler held at a constant temperature of 60°C prior to being fed
to the anode of the HOR|Nafion|HCOs electrolyzer (FIG. 3). Two 127-pm
polytetrafluoroethylene (PTFE) gaskets were placed separately between the anode
and anodic flowplate, and the cathode and cathodic flowplate to prevent leakage for
all electrolyzers. The title electrolyzer was modified with a buffer layer by inserting a
500-um PTFE gasket to form a microfluidic channel between the Nafion membrane
and the cathode GDE. The catholyte (3.0 M KHCO3) was delivered at a constant flow
rate of 100 ml min-' for all electrolyzers. Gaseous products (e.g., H2 and CO) in the
headspace of the cathode electrolyte reservoir were delivered to an in-line gas
chromatograph (GC) by a constant rate of N> at 175 sccm for quantification at 350 s.
The actual flow rate of the gas mixture was measured by a flow meter positioned
immediately downstream of the GC. Liquid products collected from the catholyte after
1200 s of electrolysis and quantified by '"H NMR spectroscopy using potassium

hydrogen phthalate as the internal standard with a calibration curve.

Faradaic Efficiency Calculation

[0156] The FEco at constant current densities (100, 300, and 500 mA cm2) was
measured by quantifying the H> and CO concentrations (for calculating mole fraction
of CO in the gaseous mixture analyzed, ¥X) using a GC. The FE of a gaseous product

k was determined in accordance with Eq. S1:

nkx

FEII' = A r.'. 1]

Eq. S1

Where ng is the number of electrons exchanged, r is Faraday’s constant (F = 96,485
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C/mol), Fr, is the molar flow rate in mol/s, and / is the total current in A. The molar flow
rate is derived from the volume flow rate F, by the relation F, = pF,/ RT, with p being
the atmospheric pressure in Pa, R the ideal gas constant of 8.314 J/mol K, and T the

temperature in K.

Liguid Product Detection

[0157] "H-NMR spectroscopy was used to identify the concentrations of formate after
20 min of electrolysis at 20°C. After the electrolysis using the etched silver foam and
Bi/C furnishing electrodes, a 630-uL aliquot of the circulated catholyte was transferred
to an NMR tube and mixed with 70 pL potassium hydrogen phthalate in D2O with
known concentrations as the internal standard. The proton NMR spectra were
collected using a 400 MHz spectrometer (Bruker AV400dir) at room temperature. The
water signal was suppressed using the Watergate W5 pulse sequence with double
gradient echos. A series of standard solutions with known concentrations of formate
were prepared and analyzed by '"H NMR, and a calibration curve was created by
plotting the relative signal areas versus concentration of formate. From this method,
the concentration of formate in the catholyte solution was determined and used to
calculate FEwmate. For the electrolysis experiments with silver foam cathode, <1%

faradaic efficiency for formate (FEmate) was detected.

CO- Utilization Calculation

[0158] CO2 utilization was calculated in accordance with Eq. S2. This quantity
represents the conversion of in-situ generated CO2 into CO, and therefore, the extent
to which the CO is diluted with unreacted CO2.

[£o]
" .
[Ce2 Jouelet + [Ld]

ii?!jr1 utilization =

Eq. S2

where [CO] and [CO2]outiet represent the concentrations of CO and CO2 in the

catholyte headspace as measured by in-line GC analysis.

Pressurized electrolyzer test station

[0159] A sealed vessel with a volume of 1 gallon was designed to feed high pressure
bicarbonate solution into the bicarbonate electrolyzer (Fig. S2). This vessel had 4

ports which were connected to tubing that carried the liquid inlet, liquid outlet, gas
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inlet, and gas outlet flows. The electrolyte reservoir was filled with 500 mL of 3.0 M
KHCOs3 solution and the headspace was pressurized by supplying N2 gas to the gas
inlet of the vessel while constricting the outlet gas flow using a pressure regulating
valve. The gas flow rate was controlled using a mass flow controller positioned
upstream of the reservoir. A pressure relief valve was used to prevent
overpressurizing the GC. The pressurized liquid electrolyte was pumped to the
electrolyzer and continuously recycled to the vessel. Digital pressure indicators
positioned at the inlet and outlet of the electrolyzer were used to measure the system
pressure and pressure drop across the cathode compartment. Gas chromatography
measurements were taken after 10 minutes of electrolysis. No liquid products were
detected by 1H NMR. Therefore, the FECO and FEH2 were normalized to 100% for
every experiment. These normalized FE values obtained at 1 atm with our
pressurized bicarbonate electrolyzer test station matched that of the experiments
performed at ambient conditions, which confirms that the normalized values are
accurate. Pressurizing the bicarbonate feedstock, p, may maximize the concentration
of dissolved CO2 near the catalyst surface. Increasing the pressure of the
bicarbonate feedstock may increase CO2RR rates by increasing the rate of CO2

mass transfer from the gas to the electrolyte, Rur, co2 (Eq. S3).

o=k M \H py -c
MT.LU, FLLO, wuloco, o, CU o)

Eq. S3

where HCO?Z2 is the Henry’s constant for COo, ycoz is the mass fraction of COz in the
gas bubbles, and cco2(aq) is the CO2 concentration in the electrolyte. The gas-to-

liquid mass-transfer coefficient of CO2, ket coz is given by Eq. S4:

Ll Tuijl

CLED, = &,

[N
Eq. S4

where D(coz (aq) is the diffusion coefficient of CO2 in the liquid electrolyte, and dtF is

the thickness of the thin film of electrolyte on the surface of the electrode.

Energy Efficiency (EE) Calculation

[0160] The EE is a measure of the overall energy utilization toward the desired
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product (e.g., CO). It can be calculated by Eq. S2A:

EE, (E, 7 FE. ) fecll voltage
Eq. S2A
EEco is the thermodynamic onset voltage for CO2 to CO (1.34 V).

Technoeconomic Analysis

[0161] To benchmark the commercial feasibility of an electrolyzer as described
herein, we performed a technoeconomic analysis (TEA) to compare the 20-year net
present value (NPV) of an electrolyzer as described herein including a control system,
and gaseous CO»-fed electrolyzer facility with an installed capacity of 100 tons
CO/day. The TEA considers operational and capital expenditures and is based on a
TEA previously reported by Jiao and coworkers. We listed the parameters of the three
electrolyzers we used in Table S1, and assumed these electrolyzers work for a
duration of 20 years with 2 weeks of downtime for maintenance per year. The NPV
was calculated using a discounted cash flow analysis with a nominal interest rate of
10% and an income tax rate of 38.9%. As per the DOE’s H2A analysis for water
electrolysis, a modified accelerated cost recovery system (MACRS) was used with a
working capital equal to 5% of the capital costs and a 10-year depreciation lifetime
with a 20% salvage value at the end of 20 years. All dollar values are reported in

present-day US dollars.

Table S1. Parameters used in the TEA for three electrolyzers.

Electrolyzers FEco (%) Veen (V) J {mA cm?) CO:
utilization
value (%)

Title electrolyzer 70 2.5 100 333

Control system 60 3.6 100 333

Gaseous-fed COz 90 2 200 16.7

electrelyzer
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Capital Costs

[0162] The active area required for each electrolyzer to produce 100 tons/day of CO
was determined by a mass balance using the current densities and FEco values
shown in Table S1. An installed cost of $920/m? was then used to determine the
electrolyzer capital costs ($10.5 million for the title electrolyzer; $12.2 million for the
control system; and $4.1 million for the gaseous-fed CO- electrolyzer). The capital
costs for the balance of plant were assumed to be 35% of the electrolyzer capital

costs.

Operating Costs

[0163] Bicarbonate electrolysis can bypass CO- regeneration in the CO2 capture
process. We therefore estimated the price of bicarbonate feedstock based on the cost
of CO2 capture from flue gas without the operating and capital costs associated with
CO: stripping. COz stripping constitutes a majority of the operating costs (~80%) due
to the large associated heat duty. In terms of capital costs, the stripper and reboiler
accounts for 21% of the capital costs (the absorber is much more capital-intensive).
The operating costs were estimated to be 71% of the total costs of CO2 capture. On
this basis, we estimated the cost of bicarbonate for an assumed CO2 capture cost of
$70/ton (Eq. S3A):

Cbicarbonate,total = Cbicarbonate,opex + Cbicarbonate,capex EC] S3A
= O-ZCCOZ,Opex + 0-796602,capex =
0.2(0.71C¢o, totar) + 0.79(0.29Cc0,,10tar) = 0.37Cco, 10t

$70 1ton CO, 44.01 kg CO, 1 kmol CO,
= 0.37( ) X X X =
ton CO, 1000kg CO, 1kmolCO, 1kmolHCO,

y 1kmol HCO3™ $11
100.11 kg HCO;~  ton HCO;~

[0164] For every mole of CO produced, 1 mole of CO: is electrochemically reduced in
the electrolyzer. However, our experimental data shows that >50% of the CO- fed to
the electrolyzer (in the form of bicarbonate) remains unreacted at the outlet of the

electrolyzer. Therefore, 1 mole of CO2 must be captured and 1 mole of CO2 must be
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separated and recycled from the product stream for every mole of CO produced. For
simplicity, we assumed that the cost of separating and recycling the unreacted CO: in

the syngas is the same as the cost to capture COx.

[0165] The total current required to produce 100 tons/day of CO was determined
using Faraday’s law of electrolysis. Power consumption was calculated assuming a
cell potential of 2.5 V. The annual cost of electricity was then determined for an
electricity price of $0.03/kWh. This price was chosen based on projections for
renewable electricity costs in 2030. Maintenance costs were assumed to be 2.5% of

the electrolyzer capital expense and water costs were assumed to be $0.0054/gal.

[0166] The market price of CO was taken as $0.6/kg. H> produced at the cathode was
assumed to supplant a fraction of the H2 that must be purchased to supply the anode
HOR. Based on these assumptions, the breakeven cost of hydrogen was determined

to be $2.32/kg (i.e., for a market price of Hz <2.32/kg the NPV is positive). For this

scenario, the total operating costs were determined to be $52,000/day.

Membrane Thickness

[0167] Nafion membrane thickness can modulate ion transport and in turn the
selectivity: the H+ transfer number (i.e., the ratio of H+ as the charge carrier to the
total current) is expected to increase when membrane thickness is increased from 25
to 50 um (Eqg. S4A). i-CO2 generation is limited by the proton transport at J < 300 mA
cm2; therefore, the title electrolyzer with a 50-um membrane showed a higher i-CO2
flow rate (6.79 sccm) compared to the one with a 25-um membrane (5.46 sccm) at
100 mA cm2, and in turn the FECO values were higher (47% c.f. 43%). Instead of
proton transport, the i-CO2 generation is limited by HCO3~ transport at J = 500 mA
cm-2; therefore, the H+ transfer number showed a negligible effect on the selectivity.

t TR

|#IAHLALHT

~ Ny A 204Ny

Lkl

Eq. S4A

toroton represents the H* transfer number; i+ represents proton current density and itotal
represents total current density. Nu+ is proton molar flux ratio and Z is the charge

number.
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Net CO2 Emissions

[0168] We calculated the net CO2 emissions when using the title electrolyzer to
reduce CO; emissions, with the H> sourced from natural gas. Natural gas reforming is
currently the main Hz production technology, and life cycle assessment results
showed that every kg H2 (500 mol) production leads to 7 kg CO2 (159 mol) emissions

on average. In the electrolyzer, the overall reaction is:

Hz(g) + CO2@g — CO(g + H20y) Eq. S5A

Therefore, 159 mol Hz are needed to eliminate the produced CO; from the upstream
natural gas reforming process assuming Hz utilization is 100%. The breakeven H:

utilization for this process to be carbon-neutral is 31.8%.

[0169] The following documents describe related technologies. Embodiments of the
present technology may incorporate features as described in these references. All of
the following references are hereby incorporated herein by reference as if fully set
forth herein for all purposes.
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Interpretation of Terms

e [0170] Unless the context clearly requires otherwise, throughout the

»ou

description and the claims:“comprise”, “comprising”, and the like are to be
construed in an inclusive sense, as opposed to an exclusive or exhaustive

sense; that is to say, in the sense of “including, but not limited to”;

¢ ‘“connected”, “coupled”, or any variant thereof, means any connection or

coupling, either direct or indirect, between two or more elements; the coupling
or connection between the elements can be physical, logical, or a combination

thereof;
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L]

¢ “herein”, “above”, “below”’, and words of similar import, when used to describe
this specification, shall refer to this specification as a whole, and not to any
particular portions of this specification;

e “or’, in reference to a list of two or more items, covers all of the following
interpretations of the word: any of the items in the list, all of the items in the
list, and any combination of the items in the list;

»ou

¢ the singular forms “a”, “an”, and “the” also include the meaning of any

»ou

appropriate plural forms. These terms (“a”, “an”, and “the”) mean one or more
unless stated otherwise;

e ‘“and/or’ is used to indicate one or both stated cases may occur, for example
A and/or B includes both (A and B) and (A or B);

¢ ‘“approximately” when applied to a numerical value means the numerical value
+ 10%;

¢ where a feature is described as being “optional” or “optionally” present or
described as being present “in some embodiments” it is intended that the
present disclosure encompasses embodiments where that feature is present
and other embodiments where that feature is not necessarily present and
other embodiments where that feature is excluded. Further, where any
combination of features is described in this application this statement is
intended to serve as antecedent basis for the use of exclusive terminology

such as "solely," "only" and the like in relation to the combination of features
as well as the use of "negative" limitation(s)” to exclude the presence of other
features; and

o “first” and “second” are used for descriptive purposes and cannot be
understood as indicating or implying relative importance or indicating the

number of indicated technical features.

[0171] Words that indicate directions such as “vertical”, “transverse”, “horizontal”,
“‘upward”, “downward”, “forward”, “backward”, “inward”, “outward”, “left’, “right”, “front”,
“back”, “top”, “bottom”, “below”, “above”, “under”, and the like, used in this description
and any accompanying claims (where present), depend on the specific orientation of
the apparatus described and illustrated. The subject matter described herein may
assume various alternative orientations. Accordingly, these directional terms are not

strictly defined and should not be interpreted narrowly.
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[0172] Where a range for a value is stated, the stated range includes all sub-ranges
of the range. It is intended that the statement of a range supports the value being at
an endpoint of the range as well as at any intervening value to the tenth of the unit of
the lower limit of the range, as well as any subrange or sets of sub ranges of the
range unless the context clearly dictates otherwise or any portion(s) of the stated
range is specifically excluded. Where the stated range includes one or both endpoints
of the range, ranges excluding either or both of those included endpoints are also

included in the invention.

[0173] Certain numerical values described herein are preceded by "about". In this
context, "about" provides literal support for the exact numerical value that it precedes,
the exact numerical value +5%, as well as all other numerical values that are near to
or approximately equal to that numerical value. Unless otherwise indicated a
particular numerical value is included in “about” a specifically recited numerical value
where the particular numerical value provides the substantial equivalent of the
specifically recited numerical value in the context in which the specifically recited
numerical value is presented. For example, a statement that something has the
numerical value of “about 10” is to be interpreted as: the set of statements:

e in some embodiments the numerical value is 10;

¢ in some embodiments the numerical value is in the range of 9.5 to 10.5;

and if from the context the person of ordinary skill in the art would understand that
values within a certain range are substantially equivalent to 10 because the values
with the range would be understood to provide substantially the same result as the
value 10 then “about 10” also includes:
¢ in some embodiments the numerical value is in the range of C to D where C
and D are respectively lower and upper endpoints of the range that
encompasses all of those values that provide a substantial equivalent to the

value 10

[0174] Specific examples of systems, methods and apparatus have been described
herein for purposes of illustration. These are only examples. The technology provided
herein can be applied to systems other than the example systems described above.
Many alterations, modifications, additions, omissions, and permutations are possible

within the practice of this invention. This invention includes variations on described
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embodiments that would be apparent to the skilled addressee, including variations
obtained by: replacing features, elements and/or acts with equivalent features,
elements and/or acts; mixing and matching of features, elements and/or acts from
different embodiments; combining features, elements and/or acts from embodiments
as described herein with features, elements and/or acts of other technology; and/or

omitting combining features, elements and/or acts from described embodiments.

[0175] As will be apparent to those of skill in the art upon reading this disclosure,
each of the individual embodiments described and illustrated herein has discrete
components and features which may be readily separated from or combined with the
features of any other described embodiment(s) without departing from the scope of

the present invention.

[0176] Any aspects described above in reference to apparatus may also apply to

methods and vice versa.

[0177] Any recited method can be carried out in the order of events recited or in any
other order which is logically possible. For example, while processes or blocks are
presented in a given order, alternative examples may perform routines having steps,
or employ systems having blocks, in a different order, and some processes or blocks
may be deleted, moved, added, subdivided, combined, and/or modified to provide
alternative or subcombinations. Each of these processes or blocks may be
implemented in a variety of different ways. Also, while processes or blocks are at
times shown as being performed in series, these processes or blocks may instead be

performed in parallel, simultaneously or at different times.

[0178] Various features are described herein as being present in “some
embodiments”. Such features are not mandatory and may not be present in all
embodiments. Embodiments of the invention may include zero, any one or any
combination of two or more of such features. All possible combinations of such
features are contemplated by this disclosure even where such features are shown in
different drawings and/or described in different sections or paragraphs. This is limited
only to the extent that certain ones of such features are incompatible with other ones
of such features in the sense that it would be impossible for a person of ordinary skill
in the art to construct a practical embodiment that combines such incompatible
features. Consequently, the description that “some embodiments” possess feature A

and “some embodiments” possess feature B should be interpreted as an express
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indication that the inventors also contemplate embodiments which combine features
A and B (unless the description states otherwise or features A and B are
fundamentally incompatible). This is the case even if features A and B are illustrated in

different drawings and/or mentioned in different paragraphs, sections or sentences.

[0179] It is therefore intended that the following appended claims and claims
hereafter introduced are interpreted to include all such modifications, permutations,
additions, omissions, and sub-combinations as may reasonably be inferred. The
scope of the claims should not be limited by the preferred embodiments set forth in
the examples, but should be given the broadest interpretation consistent with the

description as a whole.
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WHAT IS CLAIMED IS:

1. A method for performing a carbon dioxide reduction reaction in an electrolyzer,

the method comprising:

applying an electrical potential between an anode and a cathode;

introducing hydrogen gas at the anode;

supplying an aqueous solution comprising bicarbonate ions at the
cathode, wherein the aqueous solution is substantially free of gaseous carbon
dioxide;

oxidizing, at the anode, the hydrogen gas to form hydrogen ions;

transporting the hydrogen ions through an ion exchange membrane to
the cathode; and

reacting the hydrogen ions with the bicarbonate ions at the cathode to

yield one or more products.

2. The method as defined in claim 1, wherein the electrical potential has a

magnitude that does not exceed 5 V.

3. The method as defined in claim 1, wherein the electrical potential has a

magnitude that does not exceed 2.5V.

4. The method as defined in any one of the preceding claims, wherein the

method comprises maintaining a current density of at least 100 mA/cm=2.

5. The method as defined in any one of claims 1 to 3, wherein the method

comprises maintaining a current density of at least 500 mA/cm=2.

6. The method as defined in any one of the preceding claims, comprising

increasing a pressure of the aqueous solution at the cathode.

7. The method as defined in claim 6, wherein the pressure of the aqueous
solution is increased by supplying a source of gas to a reservoir containing the

aqueous solution.

8. The method as defined in claim 6 or 7 comprising maintaining the pressure of

the aqueous solution at the cathode within a range of from 1.1 atm to 40 atm.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

The method as defined in claim 6 or 7 comprising maintaining the pressure of

the aqueous solution at the cathode within a range of from 1.1 atm to 10 atm.

The method as defined in any one of the preceding claims, wherein the pH of

the aqueous solution is greater than about 4.

The method as defined in any one of the preceding claims, wherein a
concentration of the biocarbonate ions in the aqueous solution is at least 0.1
M.

The method as defined in any one of the preceding claims, wherein a
concentration of the biocarbonate ions in the aqueous solution is in the range
of from 0.1 to 10 M.

The method as defined in any one of the preceding claims, wherein the one or

more products comprise no more than 50% COa..

The method as defined in any one of claims 1 to 12, wherein the one or more

products comprise no more than 30% COa..

The method as defined in any one of the preceding claims, wherein the one or

more products comprise a gaseous product.

The method as defined in any one of the preceding claims, wherein the one or

more products comprise a liquid product.

The method as defined in any one of the preceding claims, wherein the one or

more products comprise hydrogen gas.

The method as defined in any one of the preceding claims, wherein the one or

more products comprise a carbon-containing compound.

The method as defined in claim 18, wherein the carbon-containing compound
comprises one or more of formate, carbon monoxide, formic acid, ethylene

and propanol.

The method as defined in any one of claims 17 to 19, further comprising

delivering the hydrogen gas produced at the cathode to the anode.

46



WO 2022/155754 PCT/CA2022/050094

21.

22.

23.

24,

25.

26.

The method as defined in claim 20, further comprising separating the
hydrogen gas from the one or more products prior to delivering the hydrogen

gas to the anode.

The method as defined in any one of the preceding claims, further comprising:
discharging excess hydrogen gas out of the anode; and

delivering the excess hydrogen gas into the anode.

The method as defined in any one of the preceding claims, further comprising
transporting the hydrogen ions through a buffer layer after being transported
through the ion exchange membrane and before entering a cathode chamber

comprising the cathode.

The method as defined in any one of the preceding claims, wherein the
aqueous solution comprises potassium bicarbonate, caesium bicarbonate,

and/or ammonium bicarbonate.

A system for performing a carbon dioxide reduction reaction comprising an
electrolyzer, the electrolyzer comprises:

an anode exposed in an anode chamber, adapted to oxidize hydrogen
gas to form hydrogen ions;

a cathode exposed in a cathode chamber, adapted to react hydrogen
ions formed from the anode with bicarbonate ions contained in
an aqueous solution, wherein the aqueous solution is
substantially free of gaseous carbon dioxide; and

an ion exchange membrane separating the anode and the cathode, the
ion exchange membrane adapted to allow the hydrogen ions
formed from the anode to diffuse through the ion exchange
membrane to enter the cathode chamber to react with the

bicarbonate to yield one or more products.

The system as defined in claim 25, wherein the electrolyzer further comprises
a power supply configured to drive the electrolyzer with a potential difference

that does not exceed 5 V.
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

The system as defined in claim 25, wherein the electrolyzer further comprises
a power supply configured to drive the electrolyzer with a potential difference

that does not exceed 2.5 V.

The system as defined in claim 26 or 27, wherein the potential difference

introduces a current density of at least 100 mA/cm2,

The system as defined in claim 26 or 27, wherein the potential difference

introduces a current density of at least 500 mA/cm2,

The system as defined in any one of claims 25 to 29, wherein the anode and
the cathode are arranged to press against opposing faces of the ion exchange

membrane.

The system as defined in any one of claims 25 to 30, further comprising a
buffer layer arranged between the ion exchange membrane and the cathode,
adapted to allow the transport of the hydrogen ions formed from the anode

therethrough.

The system as defined in any one of claims 25 to 31, wherein the cathode is

made of a metallic foam.

The system as defined in claim 32, wherein the metallic foam comprises a

conductive and/or catalytic metal.

The system as defined in claim 32 or 33, wherein the metallic foam comprises

silver.

The system as defined in any one of claims 25 to 31, wherein the cathode

comprises a gas diffusion electrode.

The system as defined in claim 35, wherein the gas diffusion electrode at the

cathode is coated with a metal catalyst.
The system as defined in claim 36, wherein the metal catalyst is bismuth.

The system as defined in any one of claims 25 to 37, wherein the anode

comprises a gas diffusion electrode.
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39.

40.

41.

42.

43.

44.

45.

46.

The system as defined in claim 38, wherein the gas diffusion electrode at the

anode comprises a platinum catalyst supported on carbon black.

The system as defined in any one of claims 25 to 39, further comprising an
anode flow plate and a cathode flow plate positioned to press against faces of
the anode and the cathode respectively opposite to the ion exchange

membrane.

The system as defined in claim 40, wherein the anode and cathode flow plates
are defined with channels through which the hydrogen gas and the aqueous

solution are delivered into the anode and cathode chambers respectively.

The system as defined in claim 40 or 41, further comprising an anode housing
arranged to press against a face of the anode flow plate opposite to the anode,
the anode housing having an anode inlet and an anode output arranged to
introduce hydrogen gas into the anode chamber and to discharge excess

hydrogen gas out of the anode chamber.

The system as defined in any one of claims 40 to 42, further comprising a
cathode housing arranged to press against a face of the cathode flow plate
opposite to the cathode, the cathode housing having a cathode inlet and a
cathode output arranged to introduce the aqueous solution into the cathode

chamber and to discharge reaction products out of the cathode chamber.

The system as defined in any one of claims 25 to 43, further comprising a
carbon capture system comprising a contactor, the contactor being configured
to bring a gas comprising carbon dioxide into contact with a capturing solution
to form the aqueous solution, wherein a fluid outlet of the contactor is in fluid
communication with a fluid inlet of the cathode chamber for delivering the

aqueous solution to the cathode.

The apparatus according to claim 44 wherein the capturing solution comprises

a strong base.

The apparatus according to claim 44 wherein the capturing solution comprises

an amine-based solvent.
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47.  Apparatus having any new and inventive feature, combination of features, or
sub-combination of features as described herein.

48. Methods having any new and inventive steps, acts, combination of steps

and/or acts or sub-combination of steps and/or acts as described herein.
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