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(57) Abstract: The present disclosure relates to the manufacturing and use of co-doped multi-metallic electrocatalysts for electrore-
duction of CO or CO; to produce n-propanol. The co-doped multi-metallic electrocatalyst includes Cu as well as Ag and a secondary
dopant, such as Ruthenium (Ru), Rhodium (Rh), [ridium (Ir), Palladium (Pd), Gold (Au) or Platinum (Pt). The co-doped multi-metallic
electrocatalyst can be manufactured using a two-stage method where Cu nanoparticles are first doped with Ru and then doped with Ag.
The co-doped multi-metallic electrocatalysts facilitate adsorption of CO, C1-C1 coupling, C1-C2 coupling and certain kinetics for the
production of propanol by electroreduction with good selectivity at high current densities.
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MANUFACTURING AND USE OF CO-DOPED MULTI-METALLIC
ELECTROCATALYSTS FOR UPGRADING OF CO TO PROPANOL

TECHNICAL FIELD

[001] The technical field generally relates to catalytic methods for monoxide (CO) and
carbon dioxide (CO;) reduction, and more particularly to electrocatalysts composed of
metallic materials, associated methods of manufacture and use in electrochemical

reduction for the production of C3 products such as propanol.
BACKGROUND

[002] The electrosynthesis of C3 products from carbon monoxide (CO) and carbon
dioxide (CO.) addresses certain needs for long-term storage of renewable electricity.
However, current performance remains below targets for practical applications. There is
a need for improvements for efficient electrocatalytic reduction of gases, such as CO and

COa,, for producing C3 products.
SUMMARY

[003] Various aspects of the technology are described herein and relate to the
manufacturing and use of electrocatalysts for converting CO or CO; to produce products,
such as n-propanol, where the electrocatalyst includes a multi-metallic material comprising
copper (Cu) that is co-doped with Ag and a secondary dopant metal such as Ruthenium
(Ru), Rhodium (Rh), Palladium (Pd), Platinum (Pt), Gold (Au) and/or Iridium (Ir). The co-
doped multi-metallic material can be made using a two-stage manufacturing method
where the Cu material is first doped with the secondary dopant metal followed by doping
with silver, which can be performed using galvanic replacement. Embodiments of the co-
doped multi-metallic material were found to provide enhanced performance for the
production of C3 products, such as propanol, in electrochemical cells operated at high

current densities.

[004] In some implementations, there is provided a method of manufacturing a co-doped
multi-metallic electrocatalyst for use in electroreduction, the method comprising: providing
a copper (Cu) material comprising Cu nanoparticles; in a first doping stage, doping the Cu
material with a first-stage dopant metal selected from Ruthenium (Ru), Rhodium (Rh),

Iridium (Ir), Palladium (Pd), Gold (Au) and Platinum (Pt) to produce a doped Cu material;
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and in a second doping stage, doping the doped Cu material with silver (Ag) to produce

the co-doped multi-metallic material.

[005] In some implementations, the first doping stage comprises first-stage galvanic
replacement of Cu atoms with atoms of the first-stage dopant metal; and optionally the
first-stage galvanic replacement comprises contacting the Cu material with a first-stage
doping solution comprising cations of the first-stage dopant metal. The first-stage doping
solution can include a chloride salt of the first-stage dopant metal or a nitrate salt of the

first-stage dopant metal.

[006] In some implementations, the second doping stage comprises second-stage
galvanic replacement of Cu atoms with Ag atoms; and optionally the second-stage
galvanic replacement comprises contacting the doped Cu material with a second-stage
doping solution comprising Ag cations. The second-stage doping solution can include
AgNO:s.

[007] In some implementations, the co-doped multi-metallic material is a tri-metallic
material. Optionally, the co-doped multi-metallic material has a first-stage dopant
concentration between 0.5 wt% and 10 wt%, or between 1 wt% and 3 wt%, measured with
XPS. The co-doped multi-metallic material can optionally have a Ag concentration
between 1 wt% and 10 wt%, or between 3 wt% and 5 wt%, measured with XPS. Optionally,
the co-doped multi-metallic material has a first-stage dopant to Ag ratio between 1:1 and

1:10, or between 1:2 and 1:7, or between 1:3 and 1:5, measured with XPS.

[008] In some implementations, the Cu nanoparticles are deposited onto a gas diffusion
substrate prior to the first and second doping stages. Optionally, the Cu nanoparticles are
deposited in a Cu layer on a side of the gas diffusion substrate, the Cu layer has a
thickness between 30 microns and 100 microns, and the co-doped multi-metallic material
has a morphology that is the same as that of the Cu nanoparticles with the morphology
optionally being generally spheroid in shape, determined from SEM or TM imaging. The
co-doped multi-metallic material can be in the form of nanoparticles. The nanoparticles of
the co-doped multi-metallic material can have an average size between about 20 nm and
about 200 nm, or between about 70 nm and about 150 nm, measured based on SEM or

TEM imaging.
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[009] In some implementations, the method also includes: depositing the Cu
nanoparticles onto a substrate to form a coated substrate; immersing the coated substrate
in a first-stage doping solution comprising the first-stage dopant metal in cationic form to
induce galvanic replacement and form a first-stage coated substrate comprising the doped
Cu material; removing the first-stage coated substrate from the first-stage doping solution;
immersing the first-stage coated substrate in a second-stage doping solution comprising
Ag in cationic form to induce galvanic replacement and form a second-stage coated
substrate comprising the co-doped multi-metallic material, and removing the second-stage

coated substrate from the second-stage doping solution.

[0010] In some implementations, the first-stage doping solution has a first-stage dopant
metal concentration between 1 micromole/L and 10 millimole/L, and the first-stage doping
solution has a temperature between 25 degrees Celsius and 80 degrees Celsius. The
method can include, after removing first-stage coated substrate from the first-stage doping
solution, washing the coated substrate from the first-stage doping solution with deionized
water, as well as drying the washed coated substrate with an inert gas. In some
implementations, the second-stage doping solution has a second-stage dopant metal
concentration between 1 micromole/L and 10 millimole/L, the second-stage doping
solution has a second-stage temperature between 25 degrees Celsius and 80 degree
Celsius, and the method also includes washing the second-stage coated substrate with
deionized water and drying the washed second-stage coated substrate with an second-

stage inert gas, such as Na.

[0011] In some implementations, there is provided a use of a co-doped multi-metallic
electrocatalyst for electroreduction of CO or CO; to produce n-propanol, the co-doped
multi-metallic electrocatalyst comprising copper (Cu) co-doped with silver (Ag) and a
secondary dopant selected from Ruthenium (Ru), Rhodium (Rh), Iridium (Ir), Palladium
(Pd), Gold (Au) and Platinum (Pt).

[0012] In some implementations, there is provided a process for electrochemical
production of propanol from a carbon-containing gas selected from CO and COa,
comprising: contacting the carbon-containing gas and an electrolyte with an electrode
comprising the co-doped multi-metallic electrocatalyst as manufactured by the method as
defined herein or as defined otherwise herein, such that the carbon-containing gas

contacts the electrocatalyst; applying a voltage to provide a current density to cause the
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carbon-containing gas contacting the electrocatalyst to be electrochemically converted

into propanol; and recovering the propanol.

[0013] In some implementations, there is provided a system for electroreduction of a
carbon-containing gas selected from CO and CO- to produce propanol, comprising: an
electrolytic cell configured to receive a liquid electrolyte and the carbon-containing gas; an
anode; a cathode comprising an electrocatalyst as manufactured by the method described
herein or as defined otherwise herein; and a voltage source to provide a current density
to cause the CO and/or CO, gas contacting the electrocatalyst to be electrochemically

converted into propanol.

[0014] In some implementations, there is provided a co-doped multi-metallic
electrocatalyst for electroreduction of CO or CO; to produce n-propanol, comprising
copper (Cu) co-doped with silver (Ag) and a secondary dopant selected from Ruthenium
(Ru), Rhodium (Rh), Iridium (Ir), Palladium (Pd), Gold (Au) and Platinum (Pt), wherein the
co-doped multi-metallic electrocatalyst has a secondary dopant concentration between
0.5 wt% and 10 wt% measured with XPS, a Ag concentration between 1 wt% and 10 wt%
measured with XPS, and a secondary dopant to Ag ratio between 1:1 and 1:10 measured
with XPS.

[0015] In some implementations, there is provided a co-doped multi-metallic
electrocatalyst for electroreduction of CO or CO; to produce n-propanol, comprising
copper (Cu) co-doped with silver (Ag) and a secondary dopant, wherein the co-doped
multi-metallic electrocatalyst has a secondary dopant concentration to achieve an
increase in electroreduction performance compared to both Cu-only catalyst and Ag-only-

doped Cu catalyst at a current density above 100 mA cm2,

[0016] The co-doped multi-metallic electrocatalyst, processes, methods, systems and/or
uses can further include one or more features of the electrocatalyst, processes, systems

and/or uses as described herein.
BRIEF DESCRIPTION OF DRAWINGS

[0017] Fig. 1. DFT calculations on C4+-C4 and C+-C- coupling. a, The calculated activation
energy (Ea) for C4-C4 and C4-Cz coupling on screened Ag-X-Cu (X = Au, Pd, Pt, Ni, Fe,

and Ru; X is categorized into three different groups according to the CO adsorption
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energies with the reference to Cu, i.e., weak: Au; intermediate: Pd, Pt, and Ni; strong: Fe
and Ru). The E; (C+-C1 coupling) and E. (C4-C2 coupling) on Ag-Cu and Cu catalyst
systems are also calculated for comparison. b, Reaction coordinate diagram for C4+-C1 and
C1-C2 coupling on Ag-Ru-Cu, Ag-Cu, and Cu catalyst systems. TS1 and TS2 denote the
transition state of C4-C1 and C4-C; coupling, i.e., *CO-*CO and *CO-*OCCO, respectively.

[0018] Fig. 2. Structural and compositional analyses of the Ag-Ru-Cu catalyst. (a to ¢)
Bright field scanning transmission electron microscopy (BF-STEM) image (a), high-angle
annular dark-field STEM (HAADF-STEM) image (b) of Ag-Ru-Cu catalyst and the
corresponding of EDS elemental mapping of Cu, Ag, and Ru (c). (d to f) High-resolution
XPS spectra of Cu 2p (d), Ag 3d (e), and Ru 3paz» (f) for the Ag-Ru-Cu catalyst.

[0019] Fig. 3. CORR performance of different cathode electrodes. a, C.. product
distribution under different current densities for Ag-Ru-Cu and Cu electrodes. Error bars
represent the standard deviation (SD) of three independent samples. Data are presented
as mean values +/- SD. b, Partial current densities of C,. products for Ag-Ru-Cu and Cu
electrodes under different potentials. Error bars represent the standard deviation of
potentials (> 660 data points collected in one experiment) during the constant-current
electrolysis. Data are presented as mean values +/- SD. ¢, n-Propanol (n-PrOH) FEs and
partial n-propanol current densities on different electrodes at various current densities.
Error bars represent the standard deviation of three independent samples. Data are
presented as mean values +/- SD. d, Comparison of FEnron/FEc, ratios on different
electrodes at various current densities. e, Liquid product distribution and cell voltage
during 102 h operation of CORR at a constant current of 1.5 A. CO feed rate in all these

experiments is 47.0 mL min™.

[0020] Fig. 4. In situ characterization and n-propanol electrosynthesis in a larger
electrolyzer. a, In situ Raman spectra of different catalysts under different applied
potentials vs. the reversible hydrogen electrode (RHE) using 1 M KOH electrolyte during
CORR. The regions of 250 — 450 cm™, 1900 — 2000 cm™, and 2000 — 2150 cm™ are
marked by orange, blue, and yellow, respectively. b, FEs toward n-propanol and C».
products as well as SPCC with different CO feed rates at the applied current of 4.5 A in
the A= 15 cm? MEA electrolyzer.
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[0021] Fig. 5. Breakdown of the plant-gate levelized cost per tonne of n-propanol and the
corresponding quantity of ethanol, ethylene, and H; produced on Ag-Ru-Cu at the current
density of 300 mA cm2. The TEA findings are calculated based on the CORR performance
in the A=15 cm? MEA electrolyzer with the CO feed rate of 20.7 mL min™.

[0022] Fig. 6. Geometries of initial, transition, and final state of C4+-C1 and C4-C: coupling
on Cu surface. a-f, Side views of initial, transition, and final state, including 2*CO (a), *CO-
*CO (b), *OCCO (c), *CO+*OCCO (d), *CO-*OCCO (e), and *OCCOCO (f). g-I, Top views
of initial, transition, and final state, including 2*CO (g), *CO-*CO (h), *OCCO (i),
*CO+*OCCO (j), *CO-*OCCO (k), and *OCCOCO (). Red, grey, and orange balls stand
for oxygen, carbon, and copper atoms, respectively. Water molecules are shown as lines.
2*CO, *CO-*CO, and *OCCO denote the initial, transition, and final state of C1-C+ coupling.
*CO+*OCCO, *CO-*OCCO, and *OCCOCO denote the initial, transition, and final state of

C1-C2 coupling. These notations are used throughout the Supplementary Information.

[0023] Fig. 7. Geometries of initial, transition, and final state of C4+-C1 and C+-C; coupling
on Ag-Cu surface. a-f, Side views of initial, transition, and final state, including 2*CO (a),
*CO-*CO (b), *OCCO (c), *CO+*OCCO (d), *CO-*OCCO (e), and *OCCOCO (f). g-, Top
views of initial, transition, and final state, including 2*CO (g), *CO-*CO (h), *OCCO (i),
*CO+*OCCO (j), *CO-*OCCO (k), and *OCCOCO (). Blue balls stand for silver atoms.

This notation is used throughout the Supplementary Information.

[0024] Fig. 8. Geometries of initial, transition, and final state of C4+-C1 and C4-C; coupling
on Ag-Au-Cu surface. a-f, Side views of initial, transition, and final state, including 2*CO
(@), *CO-*CO (b), *OCCO (c), *CO+*OCCO (d), *CO-*OCCO (e), and *OCCOCO (f). g,
Top views of initial, transition, and final state, including 2*CO (g), *CO-*CO (h), *OCCO
(i), *CO+*OCCO (j), *CO-*OCCO (k), and *OCCOCO (I). Yellow balls stand for gold atoms.

This notation is used throughout the Supplementary Information.

[0025] Fig. 9. Geometries of initial, transition, and final state of C4-C4 and C4-C, coupling
on Ag-Pd-Cu surface with adsorbed *CO near the coupling sites. a-f, Side views of initial,
transition, and final state, including 2*CO (a), *CO-*CO (b), *OCCO (c), *CO+*0OCCO (d),
*CO-*OCCO (e), and *OCCOCO (f). g-I, Top views of initial, transition, and final state,
including 2*CO (g), *CO-*CO (h), *OCCO (i), *CO+*OCCO (j), *CO-*OCCO (k), and
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*OCCOCO (l). Brown balls stand for palladium atoms. This notation is used throughout

the Supplementary Information.

[0026] Fig. 10. Geometries of initial, transition, and final state of C1-C1 and C1-C2
coupling on Ag-Pt-Cu surface with adsorbed *CO near the coupling sites. a-f, Side views
of initial, transition, and final state, including 2*CO (a), *CO-*CO (b), *OCCO (c¢),
*CO+*OCCO (d), *CO-*OCCO (e), and *OCCOCO (f). g-I, Top views of initial, transition,
and final state, including 2*CO (g), *CO-*CO (h), *OCCO (i), *CO+*OCCO (j), *CO-*OCCO
(k), and *OCCOCO (). Grey balls stand for platinum atoms. This notation is used

throughout the Supplementary Information.

[0027] Fig. 11. Geometries of initial, transition, and final state of C1-C1 and C4-C2 coupling
on Ag-Ni-Cu surface with adsorbed *CO near the coupling sites. a-f, Side views of initial,
transition, and final state, including 2*CO (a), *CO-*CO (b), *OCCO (c), *CO+*0OCCO (d),
*CO-*OCCO (e), and *OCCOCO (f). g-I, Top views of initial, transition, and final state,
including 2*CO (g), *CO-*CO (h), *OCCO (i), *CO+*OCCO (j), *CO-*OCCO (k), and
*OCCOCO (l). Indigo balls stand for nickel atoms. This notation is used throughout the

Supplementary Information.

[0028] Fig. 12. Geometries of initial, transition, and final state of C1-C1 and C+-C> coupling
on Ag-Fe-Cu surface with adsorbed *CO near the coupling sites. a-f, Side views of initial,
transition, and final state, including 2*CO (a), *CO-*CO (b), *OCCO (c), *CO+*0OCCO (d),
*CO-*OCCO (e), and *OCCOCO (f). g-I, Top views of initial, transition, and final state,
including 2*CO (g), *CO-*CO (h), *OCCO (i), *CO+*OCCO (j), *CO-*OCCO (k), and
*OCCOCO (I). Purple balls stand for iron atoms. This notation is used throughout the

Supplementary Information.

[0029] Fig. 13. Geometries of initial, transition, and final state of C1-C1 and C1-C2
coupling on Ag-Ru-Cu surface with adsorbed *CO near the coupling sites. a-f, Side views
of initial, transition, and final state, including 2*CO (a), *CO-*CO (b), *OCCO (c¢),
*CO+*OCCO (d), *CO-*OCCO (e), and *OCCOCO (f). g-I, Top views of initial, transition,
and final state, including 2*CO (g), *CO-*CO (h), *OCCO (i), *CO+*OCCO (j), *CO-*OCCO
(k), and *OCCOCO (l). Green balls stand for ruthenium atoms. This notation is used

throughout the Supplementary Information.
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[0030] Fig. 14. DFT calculations on Ru doping site and *CO adsorption sequence. a,
Surface atom index for determining the Ru doping site, i.e., blue squares denote the 1st
neighboring Cu atom around the doped-Ag atom. Grey and orange circles denote the 2nd
neighboring Cu atom around the doped-Ag atom. b-d, Geometries and the corresponding
energies for different Ru doping sites, 1st neighboring (b), 2nd neighboring marked by the
grey circle (c), 2nd neighboring marked by the orange circle (d). e-h, Geometries and the
corresponding adsorption energies of the most favorable configurations after the 1st *CO
(6_RuTop) (e), the 2nd *CO (236_Cu2RuFccHollow + 679_Cu2RuHcpHollow) (f), the 3rd
*CO (236_Cu2RuFccHollow + 467_Cu2RuFccHollow + 569 _Cu2RuFccHollow) (g), and
the 4th *CO (256_Cu2RuHcpHollow + 346_Cu2RuHcpHollow + 679_Cu2RuHcpHollow +
8_CuTop) (h) adsorbed on the Ag-Ru-Cu surface. The calculated *CO adsorption energies

on different sites are summarized in table S3.

[0031] Fig. 15. Comparison of the average adsorption energies of *CO (E.co) and
adsorption energies of the reaction intermediate *OCCO (E-occo) on Ag-Ru-Cu, Ag-Cu,

and Cu catalyst systems.

[0032] Fig. 16. SEM images of catalysts. a, Cu. b, Ag-Ru-Cu. The SEM measurements

were repeated at least twice independently with similar results.

[0033] Fig. 17. XRD patterns for different electrodes and the PTFE substrate. The peaks

marked by gray dash lines come from PTFE substrates.

[0034] Fig. 18. In-depth elemental profile of the Ag-Ru-Cu electrode via sputtering XPS.
In-depth XPS analyses suggest that the galvanic replacement occurred mainly near the

electrode surface, within a depth of ~50 nm.

[0035] Fig. 19. Photograph showing the MEA electrolyzer with a 5 cm2 active geometric

area of the flow filed on each side.
[0036] Fig. 20. Schematic diagram of the MEA system.

[0037] Fig. 21. NMR spectra of liquid products. a, Representative 1H-NMR spectrum of
liquid products collected from the cathode side. b, Representative 1H-NMR spectrum of
liquid products collected from the anolyte. The peaks near 2.21 ppm come from acetone

which is used to wash NMR tubes.
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[0038] Fig. 22. SEM images of Ag-Cu catalysts. The SEM measurements were repeated

at least twice independently with similar results.

[0039] Fig. 23. Structural and compositional analyses of the Ag-Cu catalysts. a, BF-STEM
image of Ag-Cu nanoparticles. b, HAADF-STEM image and the corresponding EDX
elemental mapping of Cu and Ag for Ag-Cu nanoparticles. The TEM measurements were

repeated at least twice independently with similar results.

[0040] Fig. 24. XPS analysis the Ag-Cu catalysts. a,b, High-resolution XPS spectra of Cu
2p (a) and Ag 3d (b) for the prepared Ag-Cu catalysts.

[0041] Fig. 25. Structural and compositional analyses of the Ag-Au-Cu catalysts. a, SEM
images of Ag-Au-Cu catalysts. The SEM measurements were repeated at least twice
independently with similar results. b,c, HAADF-STEM image (b) of Ag-Au-Cu catalyst and
the corresponding of EDS elemental mapping of Cu, Au, and Ag (c). The TEM

measurements were repeated at least twice independently with similar results.

[0042] Fig. 26. XPS analysis the Ag-Au-Cu catalysts. a-c, High-resolution XPS spectra of
Cu 2p (a), Ag 3d (b), and Au 4f (c) for the Ag-Au-Cu catalysts.

[0043] Fig. 27. Structural and compositional analyses of the Ag-Pd-Cu catalysts. a, SEM
images of Ag-Pd-Cu catalysts. The SEM measurements were repeated at least twice
independently with similar results. b,c, HAADF-STEM image (b) of Ag-Pd-Cu catalyst and
the corresponding of EDS elemental mapping of Cu, Pd, and Ag (c). The TEM

measurements were repeated at least twice independently with similar results.

[0044] Fig. 28. XPS analysis the Ag-Pd-Cu catalysts. a-c, High-resolution XPS spectra of
Cu 2p (a), Ag 3d (b), and Pd 3d (c) for the Ag-Pd-Cu catalysts.

[0045] Fig. 29. CORR performance of Ag-Au-Cu electrodes. a, Product distribution under
different current densities for Ag-Au-Cu electrodes. b, Comparison of n-PrOH FEs on
different electrodes at various current densities. CO feed rate in all these experiments is
47.0 mL cm=,

[0046] Fig. 30. CORR performance of Ag-Pd-Cu electrodes. a, Product distribution under

different current densities for Ag-Pd-Cu electrodes. b, Comparison of n-PrOH FEs on



WO 2022/246552 PCT/CA2022/050828
10

different electrodes at various current densities. CO feed rate in all these experiments is
47.0 mL cm=,

[0047] Fig. 31. Product distribution during 102 hours of CORR test under the constant

current of 1.5 A.

[0048] Fig. 32. Structural and compositional analyses of the Ag-Ru-Cu catalysts after
stability test. a, Secondary electron image and b-f, the corresponding of EDX elemental
mapping of Cu (b), Ag (c), Ru (d), and K (e) for Ag-Ru-Cu catalysts after stability test. The
elemental K is derived from the adsorption of K+ from electrolyte on catalysts during the
test. Both SEM and TEM measurements were repeated at least twice independently with

similar results.

[0049] Fig. 33. XPS analysis the Ag-Ru-Cu catalysts after stability test. a, High-resolution
Cu 2p spectrum of Ag-Ru-Cu catalysts after stability test. b, High-resolution Ag 3d
spectrum of Ag-Ru-Cu catalysts after stability test. In the binding energy region of 370 —
384 eV, we also observe the signal of K 2s which comes from the adsorption of K+ from
electrolyte on the catalysts during the CORR performance test. ¢, High-resolution Ru

3p3/2 spectrum of Ag-Ru-Cu catalysts after stability test.

[0050] Fig. 34. In situ Cu K-edge XANES spectra of different catalysts during CORR by

applying 300 mA cm™2. Bulk Cu foil, CuQ, and Cu,O are shown as references.

[0051] Fig. 35. Schematic diagram of the electrochemical cell for in situ Raman

measurement.

[0052] Fig. 36. In situ Raman spectra of Ag-Ru-Cu in Ar-saturated 1 M KOH electrolyte
under different applied potentials. Ar was continuously supplied to the gas chamber during

the measurement.

ig. 37. Photograph showing the electrolyzer with a 15 cm? active geometric
[0053] Fig. 37. Phot h showing the MEA electrol ith a 15 cm? acti tri

area of the flow filed on each side.

[0054] Fig. 38. A representative of chronopotentiometric curve measured for the scaled
MEA electrolyzer operated at 4.5 A. The active geometric areas of the cathode and anode

electrodes are 15 cm?; CO feed rate is 20.7 mL min™".
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[0055] Fig. 39. Model used to calculate the plant-gate levelized cost for TEA.

[0056] Fig. 40. Sensitivity analysis of the plant-gate levelized cost per tonne of n-propanol
and the corresponding quantity of ethanol, ethylene, and H.. The parameters in the better,
base, and worse cases are listed in table S7. All the other parameters used in calculations

are same as those used in the calculation listed in Supplementary Text.

[0057] Fig. 41. TEA of n-propanol electrosynthesis showing the plant-gate levelized cost
per tonne of n-propanol and the corresponding quantity of ethanol, ethylene, and H- as
function of SPCC and current density. All the other parameters used in calculations are

the same as those used in the calculation listed in Supplementary Text.
DETAILED DESCRIPTION

[001] The present description relates to the manufacturing and use of co-doped multi-
metallic electrocatalysts for the reduction of CO or CO; to produce C3 products, such as
propanol. The electrocatalysts can be manufactured using a two-stage method to
incorporate the different dopant metals into Cu in distinct stages, and the electrocatalyst
can be used for the electroreduction of CO or CO- while providing enhanced performance

compared other catalysts.

[002] More particularly, the co-doped multi-metallic electrocatalysts can be manufactured
using a two-stage method where Cu nanoparticles are first doped with Ru, Rh, Ir, Pt, Au
or Pd and then doped with Ag. The Cu nanoparticles can be deposited on a substrate and
then the sequential doping stages can be performed by galvanic replacement. The
substrate can be a gas diffusion membrane that can be used as part of the cathode in an
electrochemical cell for conversion of CO into propanol at high current densities. For
example, it was found that silver-ruthenium (Ag-Ru) co-doped copper (Cu) electrocatalysts
provided enhanced performance compared to corresponding electrocatalysts composed of
Cu only or Cu doped only with Ag. In some embodiments, the co-doped multi-metallic
electrocatalysts were found to achieve a record n-propanol Faradaic efficiency of (37 £ 3)
% at a production rate of (111 = 9) mA cm in CO reduction reactions (CORR). When run
at 300 mA cm, the tested CORR system maintained stable n-propanol electrosynthesis for
100 hours.
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[003] The electrocatalyst includes Cu that can be deposited onto the substrate using
various techniques, such as spray coating or sputtering, to form a coated substrate. The
substrate can be a porous gas diffusion membrane, which can be composed of various
materials, such as polytetrafluoroethylene (PTFE). The Cu layer can be in the form of Cu
nanoparticles that are spheroid in morphology. The Cu layer can have a thickness between
30 microns and 100 microns provided on the substrate. The substrate can be composed of
various materials that are hydrophobic, such as polymeric materials, carbon, or

combinations thereof.

[004] Once the Cu layer is formed, the coated substrate can be subjected to a first doping
stage to dope the Cu with a first-stage dopant metal selected from Ruthenium (Ru),
Rhodium (Rh), Iridium (Ir), Palladium (Pd), Gold (Au) and Platinum (Pt). The first doping
stage can involve immersing the coated substrate into a doping solution that includes
cations of the first-stage dopant metal and enables the doping by galvanic replacement of
Cu atoms with the dopant atoms. The doping solution can be an aqueous solution of a
chloride or nitrate of the first-stage dopant metal, e.g., RuCls, Ru(NOs)s. This doping
compound can be provided in the solution at a concentration between 1 micromole/L to 10
millimole/L and the solution temperature can be 25 degrees Celsius to 80 degree Celsius.
The immersion time, temperature and concentration of the doping solution are factors that
can impact the degree of doping. The solution can be stirred or not during the galvanic
replacement process. Once a target doping is achieved for the first-stage dopant, the
substrate is removed from the doping solution. The partially doped material can be prepared
for the second doping stage by washing (e.g., with deionized water) and drying which can

be done using N2 gas or another inert gas, for example.

[005] The first doping stage is followed by a second doping stage to incorporate Ag into
the electrocatalyst. Thus, the substrate with a partially doped Cu coating is immersed in a
second doping solution that includes Ag cations to enable galvanic replacement of Cu atoms
with Ag atoms. The doping solution can be an aqueous solution of a nitrate of the second-
stage dopant metal, e.g., AGNOs. This doping compound can be provided in the solution at
a concentration between 1 micromole/L to 10 millimole/L and the solution temperature can
be 25 degrees Celsius to 80 degree Celsius. The immersion time, temperature and
concentration of the Ag doping solution are factors that can impact the degree of Ag doping.

Once atarget doping is achieved for Ag, the substrate is removed from the doping solution.
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The co-doped material can be further treated after the second or final doping stage by

washing (e.g., with deionized water) and drying which can be done using N2 gas.

[006] In an alternative implementation, instead of first depositing the Cu on the substrate,
the Cu metal is initially doped to form the co-doped multi-metallic material which is then
deposited onto the substrate. For example, one can use the aqueous solution of nitrate or
chloride of Cu, first dopant (e.g., Ru, Rh, Ir, Pt, Au, and Pd), second dopant (e.g., Ag), and
add reducing agents (e.g., ascorbic acid, sodium borohydride) to obtain tri-metallic

catalysts by one-step wet synthesis.

[007] The two-stage method for making the co-doped electrocatalyst leverages the
difference in reduction potential of the two dopant metals and Cu for enhancing the
manufacturing process. For example, if the Ag were to be doped first, then the Ru could
replace not only Cu atoms but also Ag atoms in the subsequent doping step. However, by
doping Cu with Ru first, the difference in reduction potential between Ag and Ru facilitates
doping of Ag without notable replacement of Ru atoms. Thus, the two-stage method
facilitates controlled co-doping and efficient use of materials for making the co-doped
electrocatalyst. Itis noted in this regard that a two-stage doping method could be applied to
other metals to provide multi-doped metallic materials by leveraging the differences in

reduction potential to provide ordered doping steps.

[008] Itis also noted that the electrocatalyst could also be doped with three or more metals,
and the manufacturing process can be adapted accordingly. For example, where the Cu is
doped with Ag as well as two or more secondary dopant metals selected from Ru, Rh, Pt,
Pd, Au and Ir, the order or staged doping can be based on the reduction potential of the
dopant metals, as explained above. As mentioned above, soluble salts of the metals, such

as chloride and/or nitrate salts, can be used to make the doping solutions.

[009] In another alternative implementation, the method can be performed where the Cu
is doped with Ag and secondary dopant metal simultaneously or in the reverse order as
described above, although such methods may not be as efficient as the two-stage method
described above. For simultaneous doping, the Ag-Ru doping solution could be prepared to
provide metal cation concentrations tailored to provide the target doping levels for the

respective dopant metals in the Cu.
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[0010] In a further alternative method, the multi-metallic electrocatalyst can be produced by
a technique other than galvanic replacement. For example, the material could be produced
via one-step synthesis where Cu, Ag as well as Ru, Rh, Ir, Pd, Au and/or Pt cations in a

solution are reduced and then removed and deposited onto a substrate.

[0011] In terms of target doping levels, in some implementations the co-doped multi-
metallic material is provided with a first-stage dopant concentration between 0.5 wt% and
10 wt%, or 1 wt% and 3 wt%, which could be measured with XPS. Thus, the concentration
of Ru, Rh, Pd, Pt, Au, or Ir would be 0.5 wt% to 10 wt% of the overall mass of the co-
doped multi-metallic material. It is also possible to include more than one of these
secondary dopant metals, in which case the total concentration of these dopants could be
within the range of 1 wt% and 20 wt%. The first-stage dopant concentration can also be

between 0.5 wt% and 10 wt%.

[0012] In some implementations, the co-doped multi-metallic material has a Ag
concentration between 1 wt% and 10 wt%, between 2 wt% and 9 wt%, between 3 wt%
and 5 wit%, or about 4 wi%, which could be measured with XPS. Alternative Ag

concentrations can also be provided.

[0013] Furthermore, in some implementations, the co-doped multi-metallic material can
have a first-stage dopant to Ag ratio between 1:1 and 1:10, between 1:2 and 1:7, between
1:3 and 1:5, or above 1:4, which could be measured with XPS. It is also noted that the
concentration of the dopant metals can be provided based on functionality, such as the
impact on CO adsorption, C1-C1 coupling, C1-C2 coupling, certain reaction kinetics,
stability, and selectivity at certain operating conditions (e.g., high current densities) of the
electrochemical cell. Thus, the concentrations can be adjusted outside or within the above-
mentioned ranges to achieve one or more of these functionalities. In addition, the
concentration of the secondary dopant can be provided to achieve increased performance
compared to both Cu-only catalysts and Ag-only-doped Cu catalysts at certain

electrocatalytic operating conditions, e.g., high current densities.

[0014] In some implementations, the nanoparticles of the co-doped multi-metallic material
have an average size between about 20 nm and about 200 nm, or between about 70 nm

and about 150 nm, measured based on SEM or TEM imaging. The co-doped material can
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have substantially the same morphology and size of nanoparticles as the Cu material pre-

doping, and can therefore depend on the method of depositing or providing the Cu material.

[0015] The present work screened several catalysts through experimentation and found
that the tri-metallic electrocatalyst Ag-Ru-Cu provided the best performance, and also that
Ag-Rh-Cu tri-metallic electrocatalyst provided enhanced performance compared to Cu
and bimetallic catalyst Ag-Cu. For example, compared to Ag-Cu bimetallic catalyst, higher
selectivity toward total C2+ products and n-propanol was found for Ag-Ru-Cu tri-metallic
electrocatalysts at high current density (above 100 mA cm). Compared to previous Ag-
Cu bimetallic catalyst work, various performance variables were improved using the Ag-
Ru-Cu tri-metallic electrocatalyst, including selectivity, production rate, and stability. Apart
from the catalyst material itself, a membrane electrode assembly (MEA) was also used
and it was found to improve the stability (above 100 hours for n-propanol production)

compared to flow cell tests used for Ag-Cu work.
EXPERIMENTATION & ADDITIONAL INFORMATION

[0016] The present work sought to realize Ag-Ru-Cu catalysts experimentally. We first
spray-coated a layer of commercial Cu nanoparticles onto a gas diffusion layer consisting
of a porous polytetrafluoroethylene (PTFE) nanofiber substrate with sputtered 50 nm Cu
layer on the surface (fig. 16a). Then, the work prepared the Ag-Ru-Cu catalyst (Fig. 2, a
and b, and fig. 16b) via a two-step galvanic replacement between Cu and RuCls; and then
between Cu and AgNQOs driven by the difference in the reduction potentials of Ru vs. Cu
and Ag vs. Cu (34-36), respectively. There was no observable morphology difference
between the prepared Ag-Ru-Cu and the pristine Cu based on scanning electron
microscopy (SEM) (fig. 16). Energy-dispersive X-ray spectroscopy (EDS) elemental
mapping reveals that Ag, Ru, and Cu elements are evenly distributed in the Ag-Ru-Cu
nanoparticles (Fig. 2c). In the powder X-ray diffraction (XRD) patterns of the Cu and Ag-
Ru-Cu electrodes, the work observed peaks of Cu.O ascribed to the partial oxidation of
Cu nanoparticles in the air during the electrode preparation (fig. 17). High-resolution X-ray
photoelectron spectroscopy (XPS) further confirms the existence of Cu, Ag, and Ru in the
nanoparticles (Fig. 2, d to f). The atomic percentages of Ag and Ru in the electrode surface

are approximately 4% and 1%, respectively, as determined using XPS.
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[0017] The CORR performance was evaluated in a membrane electrode assembly (MEA)
reactor with both cathode and anode electrodes of 5 cm? geometric area (figs. 19 and 20),
a scalable reactor enabling operation at conditions relevant to industrial electrolyzers (37).
Fig. 3a displays the FEs of C,. products (ethylene, ethanol, acetate, and n-propanol) on
Ag-Ru-Cu and Cu electrodes during CORR in the current density range of 200 — 600 mA
cm2. Both FE values of total C,. products and n-propanol on Ag-Ru-Cu electrodes are
higher than those on Cu electrodes (table S5 and fig. 21), consistent with our DFT
prediction (Fig. 1). In the regime of 300 — 600 mA cm?, the total FEs for C,. products are
up to ~ 90% and the highest partial C,. current density reaches 536 mA cm for the Ag-
Ru-Cu electrodes (Fig. 3c). Specially, under a current density of 300 mA cm, we achieve
a record n-propanol FE of (37 £ 3) % on Ag-Ru-Cu electrodes — 1.8x higher than that on
Cu electrodes — at a production rate of (111 = 9) mA cm™ associated with a full cell
potential of (-2.75 £ 0.01) V without ohmic loss correction, representing a full-cell EE of

14% for n-propanol.

[0018] To explore further the effect of co-doping of Ag and Ru in Cu on the CORR
performance, we also prepared Ag-doped Cu (denoted Ag-Cu) electrodes and measured
their CORR performance for comparison. The Ag-Cu electrodes were prepared via a
similar galvanic replacement approach and the atomic percentage of Ag doping in Cu on
the electrode surface was also approximately 4%, as determined by XPS (figs. 22 to 24).
Under the same current densities, the total FEs of C,. products on the Ag-Cu electrodes
are higher than those on Cu electrodes, but lower than those on Ag-Ru-Cu electrodes
(table S5), indicating that the Ag doping in Cu favors C¢-C1 coupling for C.:+ products
relative to Cu and the co-doping of Ag and Ru further enhances the C.. selectivity. The n-
propanol FEs on different electrodes follow the sequence Ag-Ru-Cu > Ag-Cu > Cu (Fig.
3c), suggesting that co-doping of Ag and Ru in Cu also promotes the step of C4-C»
coupling vs. Ag-Cu and Cu, in agreement with our calculations (Fig. 1). At 500 mA cm2,
the highest partial n-propanol current density on the Ag-Ru-Cu electrodes is (153 £ 12)
mA cm, representing 1.3x and 1.5x improvement relative to the Ag-Cu and Cu electrodes,

respectively (Fig. 3c).

[0019] To evaluate the selectivity toward n-propanol vs. C, products in CORR, we
compare the ratios of n-propanol FE to total C. FE (FEn.ron/FEc2) on different electrodes.

Relative to the Ag-Cu and Cu electrodes, the Ag-Ru-Cu electrodes display higher FE..
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pron/FEc2 (Fig. 3d), further suggesting that the co-doping of Ag and Ru in Cu promotes the

coupling reaction between C1 and the C; intermediates.

[0020] As controls, the work also prepared Ag-Au-Cu and Ag-Pd-Cu electrodes (figs. 25
to 28) and measured their CORR performance (figs. 29 and 30). By comparing the n-
propanol FEs under the same current densities among different electrodes, the work found
that Ag-Au-Cu and Ag-Pd-Cu electrodes exhibit lower n-propanol selectivity than Ag-Ru-
Cu electrodes, but higher n-propanol selectivity relative to Ag-Cu and Cu electrodes, in

agreement with calculations.

[0021] By selecting the electrolysis condition with the highest n-propanol selectivity, the
work further evaluated the CORR stability on the Ag-Ru-Cu electrode at 1.5 A (300 mA
cm?) in the MEA reactor (Fig. 3e and fig. 31). The system maintained a stable full-cell
potential of (-2.64 + 0.07) V during the CORR measurement. Throughout the 102 hours of
CORR operation, a n-propanol FE above 32% was maintained on the Ag-Ru-Cu electrode.
The TEM, EDX, and XPS analyses on the post-reaction catalyst reveal that the Ag-Ru-Cu

catalyst retains its structure following operational stability measurement (figs. 32 and 33).

[0022] The work carried out in situ X-ray absorption spectroscopy (XAS) studies at the Cu
K-edge to investigate the chemical state of Cu in different catalysts during CORR. The Cu
K-edge X-ray absorption near-edge structure (XANES) spectra exhibit that, under the
current density of 300 mA cm2, the average valance states of Cu in Ag-Ru-Cu, Ag-Cu,
and Cu are all zero during CORR (fig. 34), demonstrating that the product selectivity on
Ag-Ru-Cu, Ag-Cu, and Cu catalysts in CORR are related to metallic Cu; and excluding the
possibility that their different CORR performance might arise from the difference in Cu

valance states.

[0023] To gain insight into C-C coupling among the different catalysts, the work also
performed in situ Raman spectroscopy measurements during CORR under different
potentials (Fig. 4a and fig. 35). The bands in the range of 1900 — 2150 cm-" arise from the
C=0 stretching of the adsorbed CO on metal sites, wherein the regions below and above
2000 cm™ are attributed to the bridge-bound CO (COriage) — Which is not an on-pathway
intermediate in CORR — and the atop-bound CO (COaiep), respectively. Relative to Cu, the
C=0 stretching bands on Ag-Ru-Cu and Ag-Cu are only from COawp On the surface,
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indicating that the adsorbed CO on Ag-Ru-Cu and Ag-Cu is in a more favorable

configuration for further reaction to C.. products compared to Cu.

[0024] In the Raman spectra, the bands located at ~283 and ~363 cm' are associated
with frustrated rotation of *CO on Cu and Cu-CO stretching, respectively. Under the same
applied potentials, one observes a blueshift of the Cu-CO stretching band on Ag-Ru-Cu
relative to Ag-Cu and Cu (Fig. 4a). The blueshift of the Cu-CO stretching band indicates
that a stronger Cu-CO bonding on the Ag-Ru-Cu surface compared to the Ag-Cu and Cu
surfaces, which might favor the step of C-C coupling and the subsequent generation of
C.. products. As controls, the work also acquired in situ Raman spectra with Ar-saturated
KOH electrolyte to confirm that the peaks in the regions marked orange, blue, and yellow
arise from the conditions of CORR (Fig. 4a and fig. 36).

[0025] The work investigated the extent to which n-propanol electrosynthesis can be
scaled, seeking to increase the active area to 15 cm? (A = 15 cm?) (Fig. 4b, figs. 37 and
38, and table S6). The work achieved, at a current density of 300 mA cm?, n-propanol FE
of (36 £ 3) % and a Cz+ FE of 93% at a full-cell potential of (-2.60 £ 0.02) V (again without
ohmic loss correction); this corresponds to a full-cell energy efficiency (EE) of 37% for all
C.. products. To reduce the energy penalty of unreacted CO and gas product separation
after reaction, we pursued a high single-pass CO conversion (SPCC) in the system. We
lowered the CO feed rate and observed that Ag-Ru-Cu catalysts could retain similar
product selectivities at low CO feed rate; as a result, we achieved a SPCC as high as 85%

for Cz+ products.

[0026] As the Ag-Ru-Cu electrodes deliver the highest n-propanol selectivity at 300 mA
cm2, we performed a TEA based on their CORR performance (Fig. 5, figs. 39 and 40, and
table S7), where n-propanol, ethanol, ethylene, and H, products are considered as the
products for sale in the calculation. The work accounted for the cost of separation,
including the separation of liquid products from one another, and gas products from one
another; the costs for the electrolyzer, catalyst, membrane, installation, balance-of-plant,
input chemicals, and electricity; and the other operational costs (such as labor and
maintenance). Sensitivity analysis reveals that the plant-gate levelized cost depends most
importantly on electricity cost and on electrochemical performance parameters such as n-
propanol FE, current density, SPCC, and full-cell potential (fig. 40 and table S7). Further

calculation reveals that, with an n-propanol FE of 36%, the renewable-electricity-powered
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n-propanol electrosynthesis become profitable only when the current density is higher than
150 mA cm-2 and SPCC is above 15% (fig. 41).

[0027] The TEA calculation — based on the CORR performance data at 300 mA cm? in
the A = 15 cm? MEA electrolyzer — shows that the plant-gate levelized cost for one tonne
of n-propanol, plus the corresponding quantity of ethanol, ethylene, and H: produced at
300 mA cm? on Ag-Ru-Cu electrodes, is projected to be less than the sum of their
reference prices (Fig. 5). This result suggests that the CORR on the Ag-Ru-Cu electrodes

under the above conditions shows promise.

[0028] A computational study of candidates was also performed and included Ag-Ru-co-
doped Cu (Ag-Ru-Cu) catalysts. These catalysts enable a n-propanol FE of (37 £ 3) % at
a partial current density of (111 + 9) mA cm, and a full-cell energy efficiency (EE) of 14%
during CORR. We report stable n-propanol electrosynthesis over 100 hours at 300 mA

cm2.

[0029] This work also used density functional theory (DFT) to screen catalyst systems
considering their propensity to catalyze the C+-C4 and C4-C: coupling steps. Ag-doped Cu
(denoted Ag-Cu) is an experimentally reported bimetallic catalyst that favors selectivity to
n-propanol compared to Cu. We therefore considered several Ag-X-co-doped Cu (denoted
Ag-X-Cu, where X represents an additional metal) catalyst systems for the theoretical
screening (Fig. 1a, figs. 6 to 14, and tables S2 and S3). Based on prior studies, we
calculated the reaction energies of the *CO dimerization (*CO + *CO — *OCCOQO) and the
coupling between *CO and *OCCO intermediates (*CO + *OCCO — *OCCOCO) on
different Ag-X-Cu catalyst systems, then applied them as predictors for the activities of
C+-C1 and C4-Cz couplings, respectively. Of the catalyst systems screened, Ag-Ru-Cu
requires the lowest reaction energies for C1-C4 and C4-Cz couplings (Fig. 1a), suggesting

that Ag-Ru-Cu to be the most promising candidate favoring Cs formation from CO.

[0030] We further compared the adsorption energies of *CO and *OCCO, the possible
key reaction intermediates for the C4-C4 and C+-C: coupling steps, on Ag-Ru-Cu with those
on Ag-Cu and Cu (Fig. 1b and fig. 15). Relative to Ag-Cu and Cu, the higher average *CO
adsorption energy on Ag-Ru-Cu demonstrates that CO molecules are more readily
adsorbed on Ag-Ru-Cu. Specifically, the co-doping of Ag and Ru in Cu induces CO

adsorption near the C4+-C4 and C+-C, coupling sites and, thus, results in higher *CO
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coverage on the surface compared to Ag-Cu and Cu, which may promote multiple C-C
coupling steps (tables S2 and S4). Additionally, the adsorption energy of the key C-
intermediate for C41-C, coupling on Ag-Ru-Cu is higher than that on Ag-Cu and Cu; this
may reduce the desorption of C, intermediates from the Ag-Ru-Cu surface and the
subsequent formation of C, products, thus increasing the residence of C; intermediates
necessary for C; generation. These calculations, taken together, suggest Ag-Ru-Cu has

the potential to improve Cs selectivity at high production rates.

[0031] Additional information is provided below with respect to the field and applications of
embodiments of the technology described herein. Electrolysis powered using renewable
electricity provides an attractive route to upgrade C1 feedstocks, such as carbon dioxide
and carbon monoxide, to valuable fuels and chemicals. N-propanol, a higher alcohol with
high energy density, is a desirable product in carbon monoxide electroreduction (CORR).
Using existing techniques, the performance of this reaction—including selectivity, production
rate, and stability—remains low relative to requirements for practical applications. Catalysts
that simultaneously promote multiple carbon-carbon (C-C) coupling steps, stabilize C2
intermediates, and promote CO adsorption, can facilitate enhanced n-propanol production

at a high reaction rated.

[0032] The electrochemical reduction of carbon dioxide (CO2RR) to valuable fuels and
chemical feedstocks offers a promising route to store intermittent renewable electricity.
Progress has been achieved in the electrosynthesis of Cq and C. products with high
selectivity at commercially relevant current density (> 100 mA cm?) from CO;RR. To date,
CO:2RR studies have been performed predominantly under alkaline/neutral electrolytes
with a local pH > 7 at the catalyst surface during the reaction, leading to the partial
consumption of CO; through bicarbonate/carbonate formation and added cost for CO-
regeneration. The electrochemical reduction of carbon monoxide (CORR) following the
CO- reduction to CO, a two-step cascade process, provides a solution to address the
problem in direct CO2:RR. Owing to advances in solid oxide electrolysis cell technology,
CO feedstock can now be produced from CO: at low cost with energy efficiency exceeding
90% at ~ 200 mA cm2, furthering applications of CORR.

[0033] Among reported C+-Cs products in CORR, the Cs alcohol n-propanol is particularly
desirable in light of its high energy density and high octane number. It is suitable for use

as engine fuel, as a solvent, and as the raw material for n-propyl acetate. Today n-
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propanol is manufactured mainly through the catalytic hydrogenation of propionaldehyde
following the high-pressure production of propionaldehyde via the hydroformylation of
ethylene with CO and H» under the condition of heat. This complex manufacturing process
drives up cost and thus limits the overall size of the n-propanol market; yet, in light of its
higher energy density, n-propanol could take the place of ethanol as a transportation fuel
additive for which the market would grow if n-propanol could be efficiently produced.
Hence, it is attractive to explore whether n-propanol could be generated efficiently through

electrolysis using renewable electricity.

[0034] Technoeconomic analysis (TEA) has shown that reaction rates must at least
exceed 100 mA cm for profitable CORR systems. Experimentally, prior CORR/CO:RR
systems with current densities above 100 mA cm have shown limited selectivity toward

n-propanol, with a maximum Faradaic efficiency (FE) of 18% (table S1).

[0035] The generation of C; in CORR relies on C4-C+ coupling and the subsequent C+-C»
coupling. The key step branching the pathways to Cz and C. products is identified as C-C
coupling between C; and C. intermediates. To ensure the production of C; at high
production rates, adequate C; intermediates must be formed and stabilized on the catalyst

surface and, thus, be available to be coupled with adsorbed CO.

[0036] It was viewed that to promote Cs selectivity at high production rates, a good
catalyst will facilitate both the C4-Ci and the Ci-C. coupling steps, stabilize C-

intermediates, and promote CO adsorption.

[0037] It is also noted that experiments were conducted with Ag-Rh-Cu tri-metallic
electrocatalysts and enhanced performance was also observed with this implementation,
although the tested Ag-Ru-Cu catalysts showed greater enhancement than the tested Ag-

Rh-Cu catalysts.

[0038] The following section provides supplementary information regarding the present

work including experimentation and examples:
Materials and Methods

Chemicals
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[0039] Silver nitrate (AgNO3, 99.0%), ruthenium (lll) chloride hydrate (RuCls;-xH20), and
iridium (Ill) chloride hydrate (IrCls-xH20, 99.9%) were purchased from Sigma-Aldrich.
Potassium hydroxide (KOH) was received from Caledon Laboratory Chemical. Anion
exchange membrane (Fumasep FAA-3-50) and titanium mesh were received from Fuel
Cell Store. Sustainion anion-exchange membrane was purchased from Dioxide Materials.
The anion exchange membranes were activated in 1 M KOH aqueous solution for 24 hours
followed by washing with deionized (DI) water before use. Copper target (99.999%) was
purchased from Kurt J. Lesker company. PTFE membrane with an average pore size of
450 nm was received from Beijing Zhongxingweiye Instrument Co., Ltd. All chemicals
were used as received. The aqueous solutions were prepared using DI water with a

resistivity of 18.2 MQ cm.

Preparation of electrodes

[0040] We first prepared a gas diffusion electrode by sputtering 50 nm thickness Cu (Cu
target, sputtering rate: ~0.6 A s') on a piece of PTFE membrane using a magnetron
sputtering system. Cu nanoparticles (Sigma-Aldrich) was dispersed in a mixture of
methanol and Nafion perfluorinated resin solution (5 wt.% in mixture of lower aliphatic
alcohols and water; Sigma-Aldrich) with a volume ratio of 100:1 under ultrasonication for
30 min to prepare a suspension with a Cu concentration of 9.9 mg mL". The suspension
was spray-coated on the gas diffusion electrode with a Cu nanoparticle loading of 6 mg

cm2 to prepare the Cu electrode.

[0041] To prepare Ag-Ru-Cu electrode, we first immersed the prepared Cu electrode in a
Nz-saturated 5 mmol L' RuCl; aqueous solution at 65 °C for 20 min and then immersed
the electrode in a Np-saturated 5 mmol L' AgQNO; aqueous solution at 65 °C for 2 h. The
Ag-Cu electrode was prepared using a similar galvanic replacement approach: the
prepared Cu electrode was immersed in a Nz-saturated DI water at 65 °C for 20 min and
then was immersed in a Np-saturated 5 mmol L' AgNO; aqueous solution at 65 °C for 2
hours. For Ag-Au-Cu electrode, the prepared Cu electrode was immersed in a Na-
saturated 5 umol L' HAUCI4 aqueous solution at 40°C for 15 min and then was immersed
in a Np-saturated 5 umol L' AgNQO; aqueous solution at 65°C for 2 h. For Ag-Pd-Cu
electrode, the prepared Cu electrode was immersed in a Np-saturated 5 umol L' H,PdCl,
aqueous solution at 65°C for 20 min and then was immersed in a N»-saturated 5 umol L

AgNOs aqueous solution at 65°C for 2 h.
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[0042] The iridium oxide supported on titanium mesh (IrO4/Ti mesh) was used as the
anode catalyst which was prepared by a dip coating and thermal decomposition method

reported.

Materials characterization

[0043] SEM images were taken using Hitachi FE-SEM SU5000 microscope. HAADF-
STEM images and the corresponding EDX elemental mapping were taken using a Hitachi
HF-3300 microscope at 300 kV. Structural characterization of cathodes was carried out
using XRD (MiniFlex600) with Cu-Ka radiation. The surface compositions of electrodes
were determined by XPS (model 5600, Perkin-Elmer) using a monochromatic aluminum

X-ray source.

[0044] In situ Raman measurements were performed using a Renishaw inVia Raman
Microscope in a modified flow cell and a water immersion objective (63x) with a 785 nm
laser (fig. 35). The different cathode catalysts prepared, Ag/AgCI reference electrode (3
M KCI, BASI), and platinum coil were used as the working electrodes, reference electrode,
and counter electrode, respectively. 1 M KOH aqueous solution was used as the
electrolyte. CO or Ar was continuously supplied to the gas chamber during the
measurement. The potentials in Raman measurement were converted to values with

reference to RHE using the equation: Exyr = Esg/agci + 0.210V + 0.0591 X pH.

[0045] In situ XAS measurement were conducted at the BL-17C in NSRRC. We measured
the in situ XAS spectra at 300 mA cm2 during CORR using a flow cell reactor, a
configuration the same as that used in a previous report. In the flow cell reactor, Ag/AgCI
reference electrode (3 M KCI, BASI), Ni foam (1.6 nm thickness, MTI Corporation), and
anion exchange membrane (Fumasep FAB-PK-130, Fuel Cell Store) were used as the
reference electrode, anode, and membrane, respectively. 1 M KOH aqueous solution was
used as the electrolyte and CO (Linde, 99.99%) was continuously supplied to the gas
chamber during CORR. XAS data were processed using Athena and Artemis software

included in a standard IFEFFIT package.

Electrochemical measurements

[0046] Without specification, all the CORR performance was measured in the A = 5 cm?
MEA electrolyzer (SKU: 68732; Dioxide Materials) (figs. 19 and 20). The MEA electrolyzer
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installation procedure is the same as that used in our previous report. For the A= 15 cm?
MEA electrolyzer (fig. 37), the cathode electrode (3.875 cm x 3.875 cm) was positioned
on the cathode side and thus the activated Sustainion membrane (6.5 cm x 6.5 cm) and
an IrO,/Ti mesh anode electrode (3.875 cm x 3.875 cm) were put on the top of the cathode

successively; all were assembled in the MEA electrolyzer.

[0047] The MEA electrolyzer-based CORR measurement procedure is similar to that used
in a previous report. CO gas (Linde, 99.99%) at different feed rates flowed to the humidifier
with DI water continuously and was then supplied to the cathode chamber. Anolyte (1 M
KOH aqueous solution) was introduced into the anode chamber and was circulated using
a pump (10 mL min™"). Using an electrochemical station (AUT50783) equipped with a
current booster (10 A), we evaluated the performance of the cathode electrode in two-
electrode system at different current densities. The long-term operation test was also
performed in the MEA electrolyzer and the anion exchange membrane (Fumasep FAB-
PK-130) was used as the membrane. The products from cathode side went through a
simplified cold trap which was used for separating liquid products and gas products. The
gas products were tested by gas chromatograph (PerkinElmer Clarus 600). The liquid
products were analyzed using NMR spectrometer (Agilent DD2 600 MHz) with
dimethylsulfoxide (DMSO) as an internal standard. Liquid product FE was calculated by
considering the total amount of the products collected from anode and cathode sides in

the same period.

[0048] For different products A (A = n-propanol, ethanol, ethylene, and acetate), the full-

cell EE for product A is calculated as follows:

(1.23+(-EJ ))XFE4

~Efyl—cell

EEtu—cen, 4 =

where Ef is the thermodynamic potential of CO to product A (E3_p.on = 0.20 V vs. RHE;
Egthanot = 0.178 V vs. RHE; Egpyiene = 0.17 V vs. RHE; EQ ctate = 0.454 V vs. RHE)
calculated based on the standard molar Gibbs energy formation at 298.15 K, FE, is the
measured Faradaic efficiency (%) of the product A, and E¢,;1_.o;1 IS the full-cell voltage

measured in MEA system without ohmic loss correction.

[0049] SPCC calculation. Under the condition of 298.15 K and 101.3 kPa, SPCC is

calculated as follows:
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. co
Total current [A] x FE, x molar ratio [product A]

Total SPCC = 60 [s] x Z -
[s] electrons transferred for every product A molecule x Faraday s Constant

CO feed rate [ﬁ] x 1 [min]

T 8314 Jmol 'K 1| x 298.15 [K]
101300 [Pa]

DFT calculations

[0050] All Ab initio DFT calculations were performed by employing the projector-
augmented wave (PAW) method as implemented in the Vienna Ab initio Simulation
Package (VASP). The generalized gradient approximation (GGA) in the parametrization
of Perdew-Burke-Ernzerhof (PBE) was implemented to describe the exchange-correlation
functional. A plane-wave cutoff of 450 eV and 2x4x1 -centered k-point grids generated
by the Monkhorst-Pack scheme were used for all the calculations. A vacuum region of
more than 15 A thickness was included along the perpendicular direction to avoid artificial
interactions. The zero damping DFT-D3 method of Grimme was employed to better

capture long-range dispersion interactions.

[0051] The Ag-Cu(111) and Cu(111) structures were constructed based on our previous
study. For the screened Ag-X-Cu (X = Au, Pd, Pt, Ni, Fe, and Ru) systems, one Cu atom
on the top layer of a 4-layer (6x3) Ag-Cu(111) supercell was substituted with Au, Pd, Pt,
Ni, Fe, and Ru (figs. 6 to 13). The position of the substituted atom was determined by the
structure with the lowest energy in our benchmark calculations (Supplementary fig. 14).
The number of adsorbed *CO near the coupling sites was determined using the adsorption
energy of *CO on Ag-X-Cu relative to Cu (table S2). A monolayer of charged water
molecules was included in all initial, transition, and final states of C+-C1 and C+-C> coupling
above the surface to account for the combined field and solvation effects. Geometries of
the initial and final states were optimized by a force-based conjugate gradient algorithm
with two upper layers together with the water molecules and adsorbates being allowed to
relax, while the atoms in the two lower layers were fixed. The transition states were located
using the climbing image nudged elastic band method. The Gibbs free energy (AG) for C+-
C1 and C4-C; coupling were calculated by converting the electronic energy using the
equation: AG = AE + AZPE + [ ACdT — TAS, where AE, AZPE, ACy, and AS are the
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differences in electronic energy, zero-point energy, heat capacity, and entropy,

respectively, and T is set to room temperature (298.15K).
Supplementary Text

Technoeconomic analysis

[0052] To ascertain the economic potential of the n-propanol production via CORR using
renewable electricity, we performed a technoeconomic analysis (TEA) based on the
modified model from prior reports. Fig. 30 shows the model we used to calculate the plant-
gate levelized cost (unit: US$) for the generation of one tonne of n-propanol and the
corresponding quantity of ethanol, ethylene, and H; produced in CORR. In the model, we
considered the costs for the electrolyzer, catalyst, membrane, installation, balance of
plant, input chemicals, electricity, gas and liquid product separation, as well as other

operational costs.

[0053] Here, as an example, based on the performance (n-propanol FE: 36%, ethanol FE:
19%, ethylene FE: 30%, H> FE: 7%, full-cell potential: 2.6 V) achieved on Ag-Ru-Cu
catalysts at the operation current density of 300 mA cm? in the A = 15 cm? MEA
electrolyzer with the CO feed rate of 20.7 mL cm™, the details for the TEA calculation are

listed below.

[0054] (1) The cost of the electrolyzer, catalyst, and membrane: Assuming the production

capacity of the plant is 100 tonne of n-propanol per day, the total current needed is:

— ion |=2—
n — PrOH production [day]

< X electrons transferred X Faraday's Constant

molecular weight,,_p,on [%] X 864OOW

n — PrOH FE[decimal]

Total current needed [A] =

6
100 x 1621 yg c
60097, 864005 < 12 % 96485557
_ mol day _
- e = 61947331 4

[0055] Based on the full cell potential (2.6 V) in the experiments, we can get the consumed

power as follows:

Power Consumed [W] =
Total current needed [A] x Cell voltage [V] = 61947331 A x 2.6 V = 161063.0606 kW
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[0056] From the DOE H2A analysis for central grid electrolysis, the electrolyzer cost for
the stack component is $250.25/kW with a reference current density of 175 mA cm (18).

Thus, the total electrolyzer cost is:

Total Electrolyzer Cost ($) =

base current density [%]

$
Power Consumed [kW] x Electrolyzer Cost [—] x
input current density [W]

ma
§ 1w

= 161063.0606 kW x ZSO'ZSW X A = $23511851.37
300z

[0057] As the total electrolyzer cost above is the one-time cost for the electrolyzer, we
need to convert it to a cost for generating one tonne of n-propanol. We assume the lifetime
of the electrolyzer is 30 years with no salvage value at the end of the plant’s lifetime and
a plant capacity factor of 0.9 which means the plant produces n-propanol 328.5 days per

year. The electrolyzer cost per tonne of n-propanol is:

$ CRF,1ectrotyzer X Total Electrolyzer Cost [$]
Electrolyzer cost tonme n—ProH| day tonne n — PrOH
Capacity factor x 365 year X production [T

[0058] Herein, the capital recovery factor (CRF) is based on a discount rate (denoted

we use 7% for all the CRF calculations) and the material lifetime.

l(l + l‘)lifetime
CREgiectrotyzer = (1+ i)etime

20
H s 0(;’3(71)2311 x$23511851.37 . $
€NCe, Electrolyzer cost [tonne n—PrOH] = S o3 10 oo = 67. rr————Tl
year ay

[0059] For the catalyst and membrane cost, we assume that their total one-time cost is
5% of the electrolyzer cost with a lifetime of 5 years. We can then reduce to a cost per

tonne of n-propanol using the same method as above:

$

tonne n — PrOH
CRF.qratyst and membrane X Total Electrolyzer Cost [$] x 5%

Catalyst and membrane cost [

N , day . [tonnen — PrOH
e e —_
Capacity factor x 365 year production day
0.07(1.07)3
%x$23511851.37x0.05
— (10751 =87 $
0.9%365 dayXlO tonnen—PrOH - tonne n—PrOH

year day
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[0060] (2) Electricity cost: By assuming the electricity price is 2 c/kWh (56), the electricity

cost per tonne of n-propanol is:

. ; $
$ ] ~ Power Consumed [kW] x 24 hours X electricity price [m]

Electricity cost [

tonnen — PrOH tonnen — PrOH

n — PrOH production [ day
0.02%
B 161063.0606 kW x 24 hours X TR

$
- tonnen — PrOH =773.10 tonn — PrOH

day

100

[0061] (3) Liquid separation cost. Apart from n-propanol, we also consider generated
ethanol as a liquid byproduct that can be sold along with n-propanol. Due to the liquid
crossover, liquid from the cathode outlet and anolyte from the anode side will be collected
for separation. Ve assume the aqueous solution will be recirculated until the total volume
concentration of n-propanol and ethanol reaches 10%. The cost for the liquid separation
is calculated using a distillation model. For n-propanol, the distillation model uses a
reference cost of $4687910 for a flowrate capacity of 1000 L min™! with a scaling factor of
0.7 and a distillation operating cost of $17078.9 per day; for ethanol, the distillation model
uses a reference cost of $4162240 for a flowrate capacity of 1000 L min™ with a scaling
factor of 0.7 and a distillation operating cost of $10542.8 per day. To simplify the
calculation, here we use the parameters of n-propanol above for the calculation of all liquid
product separation cost as it has a higher cost of distillation and will give a more

conservative estimate.

[0062] At 300 mA cm?, the ethanol FE is 19%. With 100 tonne of n-propanol produced
per day (FEn-ron = 36%) via CORR, the quantity of ethanol produced per day is calculated

according to:

— ion |=2—
n — PrOH production [day]

X electrons transferred

molecular weight,_p,on [%] _ n—PrOHFE
Ethanol production % Ethanol FE
LAY ] _ « electrons transferred

molecular weightginanor [%]

[0063] We find the ethanol production per day is 60.6 tonne. We can get the flowrate of

n-propanol and ethanol according to:
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Productionrate W} x 1000 L
Product flowrate [—] = Y hour
m Product density [ g] X 24 day X 60 hour

[0064] The flowrates of n-propanol and ethanol are 86.48 and 53.34 L min™', respectively.
The flowrate of aqueous solution for separation once a product concentration of 10% is

achieved is:

Total product flowrate [ﬁ] (86 48 + 53.34) ﬁ L
= 13982 —
min

hqueous stution flowrate |1 ] - 7o
queous solution flowrate minl  Product concentratlon[deamal] 0.1

[0065] The distillation capital cost is calculated by scaling the reference cost to the

flowrate of aqueous solution.

Aqueous solution flowrate [_min]

Distillation capital cost [$] = $4687910 X

L
. 1000 min
1398.2%
= $4687910 X —7 = $5927584.77
1000 min

[0066] The distillation capital cost per tonne of n-propanol and the corresponding quantity

of ethanol (denoted Distillation capital cost [

tonne n—PrOH

]) can be written by assuming the

distillation facility lifetime is the same as the electrolyzer lifetime:

o ) $ CRFelemolyzer x Distillation capital cost [$]
Distillation capital cost : o0 d fonne n — PrOH
onnen—rr y x production [T
20
0.07A0N®  45927584.77
(1.07)2 —1 _17.03 $
- day tonnen—PrOH ™~ ~ """ tonnen — PrOH
0.9 x 365 year x 100 day

[0067] The distillation operational cost per tonne of n-propanol and the corresponding

quantity of ethanol (denoted Distillation operational cost [m])

$ Aqueous solution flow rate [m] $
Distillation operational cost [tonne — PrOH] = I tomme n— ProH < 170789 day
1000 i < production [T
L
13982 — $ $
min
= X . _— . _—
L fonne n— Prof * 170789 day 238.80 tonnen — PrOH

1000 i X 100 day

[0068] The liquid separation cost per tonne of n-propanol and the corresponding quantity

of ethanol (denoted Liquid seperation cost [m]) is:
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Liquid ti t $ =
iquid seperation cost | ————————~m| =
Distillation capital cost [m] + Distillation operational cost [m
=17.03 —> 123880 —> _ —25583 — >
tonne n—PrOH tonne n—PrOH tonne n—PrOH

[0069] (4) Gas separation cost: We also consider generated ethylene and H as the gas
byproducts for sale. The cost for the gas separation from cathode output is calculated
using a model which describes the capital and operational cost of a pressure swing
adsorption (PSA) system for biogas upgrading. The model uses a reference cost of
$1989043 for a flowrate capacity of 1000 m® h'! with a scaling factor of 0.7 and an energy
consumption of 0.25 kWh m3. The gases in the cathode output include ethylene, H,, and
CO. At 300 mA cm2, the FEs of n-propanol, ethylene, and H, are 36%, 30%, and 7%,
respectively. With 100 tonne of n-propanol produced per day via CORR, the quantity of

ethylene and Hz produced per day is calculated according to:

_ ion |=2—
n — PrOH production [day]

- g7 % electrons transferred
molecular weight,,_p,on [W] n— PrOH FE

g ~ CH,FE
|day |

C,H, production

- x electrons transferred
molecular weightc,y, [W]

n — PrOH production [%]
?é X electrons transferred

molecular weight,,_p,on ol _ n—PrOHFE
H, production dg%y H, FE

X electrons transferred
molecular weighty, [W]

[0070] We thus can get ethylene and H: production per day of 58.2 and 3.9 tonne,

respectively. The output ethylene and H- flowrates are:

m3 58.2 X 10° g x 8.314 Jmol~1K~! x 298.15K m3
Output C,H, flowrate = g =2119.3
hour 28 —Z7 % 101 300 Pa x 24 hour hour
m3 ] 3.9x10° g x8.314/mol 1K' x 298.15K m3
Output H, flowrate = g = 1988.2
hour 2~ x 101300 Pa x 24 hour hour

[0071] Based on our experimental data (inlet CO gas: 20.7 mL min™'; electrode area: 15
cm?; current density: 300 mA cm?; 298.15 K; 101.3 kPa), by considering the production

of n-propanol, ethanol, and ethylene during CORR, the CO single-pass conversion is 70%.
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m3
Output CO flowrate [hour] =

3

m
(Output C,H, flowrate [

] X molar ratio [
hour

g
n—ProH [W] y 8314 Jmol~ "K' x 298.15 K

]x
n—PrOHl " (409 _9_ p4hour 101 300 Pa
mol day

+ molar ratio [

g
Ethanol I:W:I g 8.314-]m0l_1K_1 X 298.15 K

9 hour 101300 Pa
46 mol * X247 day

+ molar ratio

[E thanol]

(100 — singlepass conversion[%])
singlepass conversion|%|

3 100000000 % x 8314 Jmol~'K~1 x 298.15 K
21193 X2 +3x ay
hour

g hour
60.09 27 X 24 - day

x 101 300 Pa

g U
60600000 day x 8.314 Jmol~ 1K1 x 298.15 K (100 — 70) m3

+2x X = 51494

g hour 70 hour
467 X 24 ay x 101 300 Pa

[0072] By summing the flowrate of ethylene, H>, and CO, the gas flowrate of cathode
output is 9256.9 m*® h'. The PSA capital cost is:

3\ 0.7 0.7
flowrate [%] 9256. hm3
PSA capital cost [$] = $1989043 x — =$1989043 x —mO;”ﬁ = $9444306.49
1000 7 1000 7

[0073] By assuming the PSA facility lifetime is the same as the electrolyzer lifetime, the

PSA capital cost of the corresponding quantity of ethylene and Hz per tonne of n-propanol

is produced (denoted PSA capital cost [

—]) can be written:
tonne n—PrOH

PSA capital cost $ — CRF giectrotyzer X PSA capital cost [$]
’ tonne n.—ProH| - Capacity factor x 365 day x production 5
P Y year p tonnen — PrOH
% X $9444306.49 g
o 30s 99 soctonn—ProA 2 fonnen—pron
year day

[0074] The PSA operational cost of the corresponding quantity of ethylene and H. per

tonne of n-propanol (denoted PSA operational cost [m])
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hou
. g [hour] X 24 —— day " x electricity price [kWh]
PSA operating cost n ProH tonne n — PrOH
onnen — Pr production rate [Ty
kWh m?3 hour
hour x 24 day © 092 Fwr =11.11 3 ___
- 100w = 7777 tonnen — PrOH
day

[0075] The gas separation cost to get the corresponding quantity of ethylene and H. per

tonne of n-propanol (denoted Gas seperation cost [—]) is
tonne n—PrOH

. $
Gas seperation cost [m] =
. $ [ $
PSA capital cost [m] + PSA operational cost [m]
$
=271 tommen—pron * 1 tonnen—profi ~ > 2® tonnen —pron

[0076] (5) The total capital costs: By summing the cost for the electrolyzer, catalyst, and
membrane, distillation capital cost, and PSA capital cost, we can get the total capital costs

of $120.46 per tonne of n-propanol and the corresponding quantity of ethanol, ethylene,

and H: (denoted Total capital costs [#])

tonne n—PrOH

[0077] (6) Installation cost: We assume a Lang factor of 1 for the calculation of equipment
installation cost. The installation cost per tonne of n-propanol and the corresponding
) is:

quantity of ethanol, ethylene, and H» (denoted Installation cost [m]

$
Installation cost [

. $
m] = Lang Factor x Total capital costs [—]

tonnen — PrOH
$

= 120.46 tonnen — PrOH

[0078] (7) Balance of plant (BoP): We assume the balance of plant is 50% of the total

capital costs. The balance of plant per tonne of n-propanol and the corresponding quantity

of ethanol, ethylene, and H; (denoted BoP [m])

$ ) $
BoP [m] = BoP Factor x Total capltal costs [m]
= 0 _— = —_—
50% x 12046 tonne n — PrOH 60.23 tonne n — PrOH

[0079] (8) Input chemicals cost: For the input chemicals cost, we account for the cost from

the consumed H-O, electrolyte, and CO. The water price is estimated as $5 per tonne
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based on the 2020 water rates (4.0735 $CAD m-3) for the city of Toronto, Canada. The
cost of water consumed for oxygen reduction reaction per day can be calculated according

to:

Cost of consumed H,0 =

Total current needed [A] X 86400dny x molecular weighty,, [%] $

X
electrons transferred per H,0 molecule X Faraday's Constant x 1000 tonne H,0

61947331 4 x 86400d— x 0.018 rﬁgl s
- ay x5 = $2496.26

2 X 96485 — l x 1000 tonne H,0

[0080] The cost of consumed water per tonne of n-propanol and the corresponding

quantity of ethanol, ethylene, and H» (denoted Cost of consumed H,0 [;]) is

tonne n—PrOH

$ $2496.26 $
Cost of consumed H,0 =

tonnen — PrOH| ™ 100 tonne n — PrOH =24.96 tonnen — PrOH

[0081] The electrolyte is 1 M KOH aqueous solution. We estimate a fixed volume ratio of
100 L electrolyte per m? of electrolyzer based on our lab-scale experiments. The total

volume of electrolyte needed is:

Total current needed [mA] L
Volume of electrolyte [L] = x 100 —

Current density [%] x (101?;7”)2 m?

61947331000 mA L
= 5 X 100 — = 2064911.033 L
300 mA (100cm) m
1m

[0082] Assuming a price of $800 per tonne for KOH, we can get the total cost of electrolyte

including the cost of KOH and the cost of water according to:

Cost of electrolyte [$]
kg mol $
l] X 1— X price of KOH

= Volume of electrolyte [L] x molecular weightgon [ kg

+Volume of electrolyte [L] x water price [@]

kg mol $ kg $
=2064911.033 L X 0.056— X 1—— X% 0.8 — + 2064911.033 L X 1— x 0.005 — = $102832.57
mol L kg L kg

[0083] By assuming an electrolyte lifetime of one year, we calculate a new CRF:

0.07(1.07)1
CRFelectrolyte = W = 1.07
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[0084] For producing 1 tonne of n-propanol and the corresponding quantity of ethanol,

ethylene, and Hz, the cost of electrolyte (denoted Cost of electrolyte [;]) is:

tonne n—PrOH

CRFgiectrotyte X Cost of electrolyte [$]

day x production [tonne n — PrOH

Cost of electrolyte [tonne n— PrOH]

Capacity factor x 365

year day
_ 1.07 x $102832.57 — 335 $
- day tonnen—PrOH ™~ """ tonnen — PrOH
0.9 x 365year x 100 day

[0085] By assuming CO price of $300 per tonne, the cost of CO for producing 1 tonne of

n-propanol and the corresponding quantity of ethanol, ethylene, and H:

(denoted Cost of CO [4]) is:

tonne n—PrOH

Cost of CO [#] =

tonnen — PrOH

_ 9
n— PrOH [day]

g
Cats [ 5] 0]«
n— PrOH 60.09 9

co
molar ratio [CZHJ X + molar ratio [

9
28 mol mol
co Ethanol [dg%y] 28 5T $
+ molar ratio [Ethanol] X 26 9 o0 tormen —PrOH < Price of CO [tonne]
mol — day
9 9 g g
. 58200000 day 1000000 day 60600000 day 5 28 T
mol mol mol tonne day

$

$
x 300 tonne 989.89 tonnen — PrOH

[0086] We can get the input chemicals cost per tonne of n-propanol and the

corresponding quantity of ethanol, ethylene, and Ha

(denoted Input chemicals cost [

—]) according to:
tonne n—PrOH

. $
Input chemicals cost [m] =
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Cost of consumed H,0 [

m] + Cost of electrolyte [

tonnen — PrOH]

+Costof €O [tonne n— PrOH]

$ $ $
= 242 omen—pron + %3 tonnen —pron " *%%®° tonnen — Pron

$

=1018.2 tonne n — PrOH

[0087] (9) Other operational costs: Other operational costs (such as labor and

tonne n—PrOH

maintenance; denoted other operational costs[ ]) are assumed to be 10% of the

electricity cost per tonne of n-propanol and the corresponding quantity of ethanol,

ethylene, and Ha:

. $ .
Other operational costs [m] = Electricity cost [m] x 0.1
$
= 77310 o men —pron <01 =773 e —pron

[0088] (10) The plant-gate levelized cost for producing 1 tonne of n-propanol and the

corresponding quantity of ethanol, ethylene, and H; (denoted Priant-

)is

gate levelized cost [—]
tonne n—PrOH

. $
Plant — gate levelized cost [m] =

$

(67.56 +8.73 + 773.10 + 255.83 + 38.25 + 12046 + 60.23 + 1018.2+ 77.31) —MM
tonnen — PrOH

$

= 2419.67 tonne n — PrOH

[0089] (11) Potential profit: We assume the market prices of n-propanol, ethanol,
ethylene, and H; per tonne are $1430, $800, $1000, and $1900, respectively. The profit
per tonne of n-propanol and the corresponding quantity of ethanol, ethylene, and Hz can

be calculated according to:
$ 60.6 $

. 58.2 $ 3.9
1tonne x 1430M + 100 tonne X SOOM + Too tonne X 1000M + 100 tonne X 1900 ry—

—$2419.67 = $2570.90 — $2419.67 = $151.23



WO 2022/246552

36

PCT/CA2022/050828

Table S1. n-Propanol electrosynthesis reports having total current density above 100 mA

cm2.
FEn-pron Jn-prom s .
Catalysts (%) Stability (h) Total Reactions References
0
(mA cm2) SPCC (%)
Ag-Ru-Cu 373 1119 102 85 CORR This work
Cu adparticles 1 26 N/A 2 CORR Nat. Commun. 9, 4614 (2018)
Cavity Cu 12 13 N/A <1 CORR Nat. Catal. 1, 946-951 (2018)
Oxide-derived Cu 14 20 N/A 5 CORR Nat. Catal. 1, 748-755 (2018)
Fragmented Cu 18 33 N/A 1 CORR Nat. Catal. 2,251-258 (2019)
CIBH Cu 6 26 N/A 3 CO:RR  Science 367, 661-666 (2020)

CUyS—CU-V 7 28 N/A N/A CORR  Not. Catal. 1, 421-428 (2018)
14 15 N/A <1 CO,RR Nat. Catal. 1, 111-119 (2018)

Metal ion cycled Cu

Table S2. The adsorption energies (Eaqs) for the first, second, third, and fourth *CO near
the coupling sites (denoted Ead-(1st *CO), Ead-(2nd *CO), Ead-(3rd *CO), and Ead-(4th *CO)) on screened
Ag-X-Cu systems, as well as the determined geometries of Ag-X-Cu systems with
adsorbed *CO near the coupling sites.

Ead-1st *co)

Ead-@ah co) (V)

Systems (V) Ead-end co) (€V)  Ead@ra+co) (V)
Ag-Au-Cu / / / /
Ag-Pd-Cu -1.43 -1.08 / /
Ag-Pt-Cu -1.75 -1.01 / /
Ag-Ni-Cu -1.99 -1.23 / /
Ag-Fe-Cu -2.73 -2.24 -1.51 /
Ag-Ru-Cu -2.69 -2.09 -1.34 /

Note: We assume the C4-C1 and C+-C- coupling steps take place on the Cu atoms, and
the number of adsorbed *CO near the coupling sites for screened Ag-X-Cu systems is
determined by E.¢s. The calculated *CO adsorption energy (-0.91 eV) on pure Cu is used
as the reference. If Eads (including Ead-(1st *CO), Ead-(2nd *CO), Ead-(3rd *CO), and Ead-(4th *CO)) is
above -0.91 eV, it is more favorable for this *CO to adsorb on/near the X atoms (near the
coupling sites) thermodynamically; otherwise, *CO tends to adsorb on Cu atoms only
(coupling sites), and we denote this case as “/” in the Table. Here X in the screened Ag-
X-Cu is categorized into three different groups according to the *CO adsorption energies
with the reference to Cu, i.e., weak: Au; intermediate: Pd, Pt, and Ni; strong: Fe, and Ru.
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Based on the calculations, the number of adsorbed *CO near the coupling sites for Ag-
Au-Cu, Ag-Pd-Cu, Ag-Pt-Cu, Ag-Ni-Cu, Ag-Fe-Cu, Ag-Ru-Cu are 0, 2, 2, 2, 3, and 3,
respectively.

Table S3. The calculated *CO adsorption energies (Eads) on different sites and the most
favorable geometries after optimization for the first, second, third, and fourth *CO
adsorbed on Ag-Ru-Cu surface.

Initial sites for the 1 *CO Eads Most favorable Initial sites for the 2™ *CO Eads Most favorable
. geometry after . geometry after
adsorption (eV) . adsorption (eV) L
optimization optimization
125_AgCu2FccHollow -2.69 125_AgCu2FccHollow -2.09
12_AgCuBridge -2.69 12_AgCuBridge -1.06
145_AgCu2HcpHollow -1.04 145_AgCu2HcpHollow -1.06
1_AgTop -0.34 1_AgTop -0.47
236_Cu2RuFccHollow -2.69 236_Cu2RuFccHollow -2.09
23_CuCuBridge -2.69 23_CuCuBridge -2.09
256_Cu2RuHcpHollow -2.69 256_Cu2RuHcpHollow -2.09
25_CuCuBridge -2.69 25_CuCuBridge -2.09
26_CuCuBridge -2.69 26_CuCuBridge -2.04  236_Cu2RuFccHollow
6_RuTop +
2_CuTop -2.69 2_CuTop -1.06  679_cu2RuHcpHollow
458 _Cu3FccHollow -1.04 458 _Cu3FccHollow -1.07
45_CuCuBridge -1.04 45_CuCuBridge -1.06
478_Cu3HcpHollow -0.95 478_Cu3HcpHollow -0.90
47_CuCuBridge -2.69 47_CuCuBridge -2.09
48_CuCuBridge -1.04 48_CuCuBridge -1.06
6_RuTop -2.69 78_CuCuBridge -1.06
78_CuCuBridge -1.04 8_CuTop -0.94
8_CuTop -0.88
Initial sites for the 3rd *CO Eads I\/(Iec;srtnl;at\r/o;afls:: Initial sites for the 4th Eads N(Iecc);Sr:;at\rm;af?:
adsorption (eV) 8 L v . *CO adsorption (eV) 8 L v .
optimization optimization
125_AgCu2FccHollow -0.99 125_AgCu2FccHollow -0.51
12_AgCuBridge -0.99 12_AgCuBridge -0.51
145_AgCu2HcpHollow -0.99 145_AgCu2HcpHollow -0.51
1_AgTop -0.52 1_AgTop -0.53 I
256_Cu2RuHcpHollo
23_CuCuBridge -1.34  236_Cu2RuFccHollow 53 cycyBridge -0.86 W+
+
2_CuTop -0.99 467 Cu?RuFccHollow  2_CuTop -0.51 346_Cu2RuHcpHollo
- W+
458_Cu3FccHollow -0.99 + 458_Cu3FccHollow -0.51
- 569 _Cu2RuFccHollow - 679_Cu2RuHcpHollo
45_CuCuBridge -0.99 45_CuCuBridge -0.51 W+
8_CuTop
478_Cu3HcpHollow -0.96 478_Cu3HcpHollow -0.86
48_CuCuBridge -0.99 48_CuCuBridge -0.73
78_CuCuBridge -0.99 78_CuCuBridge -0.72

8_CuTop -0.96 8_CuTop -0.86
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Table S4. Gibbs free energies of C4-C1 and C+-C; coupling steps on Ag-Ru-Cu under
different number of adsorbed *CO near the coupling sites.

The number of adsorbed *CO AG (C4-C1 coupling) (eV) AG (C+-Cz coupling) (eV)

0 1.23 1.74
1 1.30 0.91
2 1.00 0.17
3 0.51 -0.63

Table S5. Product FEs for different electrodes under different applied current densities in

CORR.
Jtotal FEethanoI
Electrodes FEn-propanoI (%) FEacetate (%) FEetherne (%) FEhydrogen (%)
(mA cm?) (%)
200 32.7£2.3 15.9¢1.3 7.9+0.5 28.320.3 11.2+01
300 37.1£2.6 16.3x1.3 6.6+1.1 28.910.2 1001
Ag-Ru-Cu
400 28.9£1.0 17.6x0.3 12.3+x0.3 30.3+0.1 9.8+0.3
500 30.6£2.3 16.7¢1.0 13.2+2.7 31.320.9 9.1+£0.5
600 25.2#0.9 15.10.5 11.120.4 37.910.2 10.9+01
200 20.0£1.9 12.8¢1.2 8.3+2.0 33.6120.5 18.8+0.2
300 20.8+0.3 10.8%1.6 7.4£0.3 36.910.8 17.4+0.4
Cu 400 20.451.7 13.5¢0.4 8.5+0.1 36.5£0.3 20.9+0.8
500 20.0£1.5 11.1x0.3 7.5+£0.3 35.7+0.8 22.6+0.1
600 18.5¢0.3 10.4+01 6.2+0.1 35.910.9 27.9+0.4
200 24.7+0.8 12.7x0.2 9.3+0.5 30.320.7 15.0£0.4
300 24.3+0.3 14.5¢1.2 9.3+0.4 34.8+0.8 14.0£0.4
Ag-Cu
400 23.4£0.1 15.00.9 10.5+0.2 36.910.3 16.0x0.8
500 23.0£0.2 14.5+0.4 9.6+£0.5 36.241.2 16.7£0.5
600 21.3£0.1 11.6x0.6 9.8+0.2 37.4+0.4 19.4+0.7

Error bars represent the standard deviation of three independent samples.

Table S6. Product FEs on Ag-Ru-Cu electrodes having an active geometric area of 15
cm? under the applied current of 4.5 A in the scaled MEA electrolyzer. Error bars
represent the standard deviation of three independent samples.

CcO feed rate I:En—propanol I:Eethanol I:Eacetate FEetherne FEhydrogen
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(mL min™) (%) (%) (%) (%) (%)
20.7 35.9+2.5 19.0£0.2 9.0+0.8 29.5+0.6 7.110.3
47.0 33.0£0.7 20.6+0.7 8.9+0.6 28.5+0.2 8.210.1

Table S7. Range of values for sensitivity analysis.

Better Base Worse

CO price (S/tonne) 250 300 350

Electrolyzer cost (S/kW) 200 250.25 300
Electricity cost (¢/kWh) 1 2 3
n-PrOH FE (%) 44 36 10

Current density (mA cm™) 1000 300 50
SPCC (%) 90 70 5

Full-cell voltage (V) 2.0 2.6 5.0

System lifetime (year) 25 20 15

Catalyst & membrane lifetime (year) 10 5 2.5
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[0091] In addition, it is noted that any of the particular values disclosed herein can be
considered as being £10% for disclosure purposes. Thus, for example, if a concentration
value of 1 g/L is mentioned herein, it should be considered that the range 0.91t0 1.1 g/L is
disclosed. It is also noted that one or more features (e.g., values, ranges, pieces of
equipment or features thereof, operating conditions, sizes, etc.) disclosed herein can be
combined with any other combination of features. For example, if a size of 100 nm is
disclosed for a certain nanoparticle herein, it should be noted that the multi-metallic
nanoparticle catalyst material disclosed herein can be, in an optional embodiment, of this

size (i.e., 100 nm in addition to within the range of 90 nm to 110 nm as per the £10%
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disclosure). Various other combinations of features are also possible and should be

considered as being disclosed herein.
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CLAIMS

1. A method of manufacturing a co-doped multi-metallic electrocatalyst for use in

electroreduction, the method comprising:
providing a copper (Cu) material comprising Cu nanoparticles;

in a first doping stage, doping the Cu material with a first-stage dopant
metal selected from Ruthenium (Ru), Rhodium (Rh}), Iridium (Ir), Palladium
(Pd}, Gold (Au) and Platinum (Pt) to produce a doped Cu material; and

in a second doping stage, doping the doped Cu material with silver (Ag) to

produce the co-doped multi-metallic material.

2. The method of claim 1, wherein the first doping stage comprises first-stage

galvanic replacement of Cu atoms with atoms of the first-stage dopant metal.

3. The method of claim 2, wherein the first-stage galvanic replacement comprises
contacting the Cu material with a first-stage doping solution comprising cations of

the first-stage dopant metal.

4. The method of claim 3, wherein the first-stage doping solution comprises a chloride

salt of the first-stage dopant metal.

5. The method of claim 3, wherein the first-stage doping solution comprises a nitrate

salt of the first-stage dopant metal.

6. The method of any one of claims 1 to 5, wherein the second doping stage

comprises second-stage galvanic replacement of Cu atoms with Ag atoms.

7. The method of claim 6, wherein the second-stage galvanic replacement comprises
contacting the doped Cu material with a second-stage doping solution comprising

Ag cations.

8. The method of claim 7, wherein the second-stage doping solution comprises
AgNOs.
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The method of any one of claims 1 to 8, wherein the first-stage dopant comprises
Ru.

The method of any one of claims 1 to 8, wherein the first-stage dopant comprises
Rh.

The method of any one of claims 1 to 8, wherein the first-stage dopant comprises

Ir.

The method of any one of claims 1 to 8, wherein the first-stage dopant comprises
Pd.

The method of any one of claims 1 to 8, wherein the first-stage dopant comprises
Au.

The method of any one of claims 1 to 8, wherein the first-stage dopant comprises
Pt.

The method of any one of claims 1 to 14, wherein the co-doped multi-metallic

material is a tri-metallic material.

The method of any one of claims 1 to 15, wherein the co-doped multi-metallic
material has a first-stage dopant concentration between 0.5 wt% and 10 wt%,

measured with XPS.

The method of any one of claims 1 to 16, wherein the co-doped multi-metallic
material has a first-stage dopant concentration between 1 wt% and 3 wt%,

measured with XPS.

The method of any one of claims 1 to 17, wherein the co-doped multi-metallic

material has a Ag concentration between 1 wt% and 10 wt%, measured with XPS.

The method of any one of claims 1 to 17, wherein the co-doped multi-metallic

material has a Ag concentration between 3 wt% and 5 wt%, measured with XPS.

The method of any one of claims 1 to 19, wherein the co-doped multi-metallic
material has a first-stage dopant to Ag ratio between 1:1 and 1:10, measured with
XPS.
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. The method of any one of claims 1 to 19, wherein the co-doped multi-metallic

material has a first-stage dopant to Ag ratio between 1:2 and 1:7, measured with
XPS.

The method of any one of claims 1 to 19, wherein the co-doped multi-metallic
material has a first-stage dopant to Ag ratio between 1:3 and 1:5, measured with
XPS.

The method of any one of claims 1 to 22, wherein the Cu nanoparticles are

deposited onto a gas diffusion substrate prior to the first and second doping stages.

The method of claim 23, wherein the Cu nanoparticles are deposited in a Cu layer

on a side of the gas diffusion substrate.

The method of claim 24, wherein the Cu layer has a thickness between 30 microns

and 100 microns.

The method of any one of claims 1 to 25, wherein the co-doped multi-metallic

material has a morphology that is the same as that of the Cu nanoparticles.

The method of claim 26, wherein the morphology is generally spheroid in shape,

determined from SEM or TM imaging.

The method of any one of claims 1 to 27, wherein the co-doped multi-metallic

material is in the form of nanoparticles.

The method of any one of claims 1 to 28, wherein the nanopatrticles of the co-
doped multi-metallic material have an average size between about 20 nm and

about 200 nm, measured based on SEM or TEM imaging.

The method of any one of claims 1 to 29, wherein the nanoparticles of the co-
doped multi-metallic material have an average size between about 70 nm and

about 150 nm, measured based on SEM or TM imaging.
The method of claim 1, further comprising:

depositing the Cu nanoparticles onto a substrate to form a coated substrate;
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immersing the coated substrate in a first-stage doping solution comprising
the first-stage dopant metal in cationic form to induce galvanic replacement

and form a first-stage coated substrate comprising the doped Cu material,

removing the first-stage coated substrate from the first-stage doping

solution;

immersing the first-stage coated substrate in a second-stage doping
solution comprising Ag in cationic form to induce galvanic replacement and
form a second-stage coated substrate comprising the co-doped multi-

metallic material; and

removing the second-stage coated substrate from the second-stage doping

solution.

The method of claim 31, wherein the first-stage doping solution has a first-stage

dopant metal concentration between 1 micromole/L and 10 millimole/L.

The method of claim 31 or 32, wherein the first-stage doping solution has a

temperature between 25 degrees Celsius and 80 degree Celsius.

The method of any one of claims 31 to 33, further comprising, after removing the
first-stage coated substrate from the first-stage doping solution, washing the

coated substrate from the first-stage doping solution with deionized water.

The method of claim 34, further comprising drying the washed coated substrate with

an inert gas.
The method of claim 35, wherein the inert gas is No.

The method of any one of claims 31 to 36, wherein the second-stage doping solution
has a second-stage dopant metal concentration between 1 micromole/L and 10

millimole/L.

The method of claim 37, wherein the second-stage doping solution has a second-

stage temperature between 25 degrees Celsius and 80 degree Celsius.
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The method of any one of claims 31 to 38, further comprising washing the second-

stage coated substrate with deionized water.

The method of claim 39, further comprising drying the washed second-stage coated

substrate with an second-stage inert gas.
The method of claim 40, wherein the second-stage inert gas is No.

Use of a co-doped multi-metallic electrocatalyst for electroreduction of CO or CO»
to produce n-propanol, the co-doped multi-metallic electrocatalyst comprising
copper (Cu) co-doped with silver (Ag) and a secondary dopant selected from
Ruthenium (Ru), Rhodium (Rh), Iridium (Ir), Palladium (Pd), Gold (Au) and
Platinum (Pt).

The use of claim 42, wherein the secondary dopant comprises Ru.
The use of claim 42, wherein the secondary dopant comprises Rh.
The use of claim 42, wherein the secondary dopant comprises Ir.
The use of claim 42, wherein the secondary dopant comprises Pd.
The use of claim 42, wherein the secondary dopant Pt.

The use of any one of claims 42 to 47, wherein the multi-metallic electrocatalyst is

a tri-metallic electrocatalyst.

The use of any one of claims 42 to 48, wherein the co-doped multi-metallic
electrocatalyst has a secondary dopant concentration between 0.5 wt% and 10

wt%, measured with XPS.

The use of any one of claims 42 to 48, wherein the co-doped multi-metallic
electrocatalyst has a secondary dopant concentration between 1 wt% and 3 wt%,

measured with XPS.

The use of any one of claims 42 to 50, wherein the co-doped multi-metallic
electrocatalyst has a Ag concentration between 1 wt% and 10 wt%, measured with
XPS.
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The use of any one of claims 42 to 50, wherein the co-doped multi-metallic
electrocatalyst has a Ag concentration between 3 wt% and 5 wt%, measured with
XPS.

The use of any one of claims 42 to 52, wherein the co-doped multi-metallic
electrocatalyst has a secondary dopant to Ag ratio between 1:1 and 1:10,

measured with XPS.

The use of any one of claims 42 to 52, wherein the co-doped multi-metallic
electrocatalyst has a secondary dopant to Ag ratio between 1:2 and 1:7, measured
with XPS.

The use of any one of claims 42 to 52, wherein the co-doped multi-metallic
electrocatalyst has a secondary dopant to Ag ratio between 1:3 and 1:5, measured
with XPS.

The use of any one of claims 42 to 55, wherein the co-doped multi-metallic

electrocatalyst is provided on a gas diffusion substrate.

The use of claim 56, wherein the co-doped multi-metallic electrocatalyst is

provided as a catalyst layer on a side of the gas diffusion substrate.

The method of claim 57, wherein the catalyst layer has a thickness between 30

microns and 100 microns.
The use of any one of claims 42 to 58, wherein the electroreduction is of CO.
The use of any one of claims 42 to 58, wherein the electroreduction is of CO..

The use of any one of claims 42 to 60, wherein the co-doped multi-metallic

electrocatalyst is in the form of nanopatrticles.

The use of claim 61, wherein the nanoparticles have a spheroid morphology,

determined from SEM or TM imaging.

The use of claim 61 or 62, wherein the nanoparticles of the co-doped multi-metallic
electrocatalyst have an average size between about 20 nm and about 200 nm,

measured based on SEM or TEM imaging.
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64. The use of claim 61 or 62, wherein the nanoparticles of the co-doped multi-metallic

65.

66.

67.

electrocatalyst have an average size between about 70 nm and about 150 nm,

measured based on SEM or TM imaging.

The use of any one of claims 42 to 64, wherein the Ag and the secondary dopant

are present in the co-doped multi-metallic electrocatalyst by galvanic replacement.

The use of any one of claims 42 to 65, wherein the Ag and the secondary dopant
are present in the co-doped multi-metallic electrocatalyst by sequential

incorporation of the secondary dopant followed by the Ag into the Cu.

A process for electrochemical production of propanol from a carbon-containing gas

selected from CO and CO,, comprising:

contacting the carbon-containing gas and an electrolyte with an electrode
comprising the co-doped multi-metallic electrocatalyst as manufactured by
the method as defined in any one of claims 1 to 40 or as defined in any one
of claims 69 to 76, such that the carbon-containing gas contacts the

electrocatalyst;

applying a voltage to provide a current density to cause the carbon-
containing gas contacting the electrocatalyst to be electrochemically

converted into propanol; and

recovering the propanol.

68. A system for electroreduction of a carbon-containing gas selected from CO and

CO; to produce propanol, comprising:

an electrolytic cell configured to receive a liquid electrolyte and the carbon-

containing gas;
an anode;

a cathode comprising an electrocatalyst as manufactured by the method
defined in any one of claims 1 to 41 or as defined in any one of claims 69
to 76; and
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a voltage source to provide a current density to cause the CO and/or CO>
gas contacting the electrocatalyst to be electrochemically converted into

propanol.

A co-doped multi-metallic electrocatalyst for electroreduction of CO or CO; to
produce n-propanol, comprising copper (Cu) co-doped with silver (Ag) and a
secondary dopant selected from Ruthenium (Ru), Rhodium (Rh}, Iridium (Ir),
Palladium (Pd), Gold (Au} and Platinum (Pt), wherein the co-doped multi-metallic
electrocatalyst has a secondary dopant concentration between 0.5 wt% and 10
wt% measured with XPS, a Ag concentration between 1 wt% and 10 wt%
measured with XPS, and a secondary dopant to Ag ratio between 1:1 and 1:10

measured with XPS.

The co-doped multi-metallic electrocatalyst of claim 69, further comprising one or

more features of the electrocatalyst as recited in any one of claims 1 to 66.

A co-doped multi-metallic electrocatalyst for electroreduction of CO or CO; to
produce n-propanol, comprising copper (Cu) co-doped with silver (Ag) and a
secondary dopant, wherein the co-doped multi-metallic electrocatalyst has a
secondary dopant concentration to achieve an increase in electroreduction
performance compared to both Cu-only catalyst and Ag-only-doped Cu catalyst at

a current density above 100 mA cm™.

The co-doped multi-metallic electrocatalyst of claim 71, wherein the secondary
dopant is selected from Ruthenium (Ru}, Rhodium (Rh}, Iridium (Ir), Palladium (Pd),
Gold (Au), and Platinum (Pt).

The co-doped multi-metallic electrocatalyst of claim 71 or 72, wherein the

electroreduction performance comprises stability of the catalyst.

The co-doped multi-metallic electrocatalyst of any one of claims 71 to 73, wherein

the electroreduction performance comprises selectivity for C3 products.

The co-doped multi-metallic electrocatalyst of any one of claims 71 to 74, wherein

the electroreduction performance comprises production rate of C3 products.
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76. The co-doped multi-metallic electrocatalyst of any one of claims 71 to 75, further
comprising one or more features of the electrocatalyst as recited in any one of

claims 1 to 70.
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