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Supplementary Discussion 1: Techno-economic Analysis

The techno-economic simulation of tandem CO- electrolysis to acetic acid presented in this work
was performed using our previously published model.! This model was adjusted to incorporate the
performance parameters and material usage for the kW-scale system presented in this work (Table
S2). Other major assumptions made in the techno-economic model presented in this work are
detailed in Table S3. The techno-economic model encapsulated both the tandem CO: electrolysis
system as well as downstream separations. The final production cost of acetic acid was determined
by performing a numerical evaluation of the product price needed to achieve a net present value
of zero at the end of the plant life.

The downstream separations included distillation, acetate protonation to acetic acid, and
recovery of the 2 M KOH electrolyte. Separation modelling was performed in ASPEN Plus
software using the Economic Analyzer plugin and the NRTL-HOC property method. Glacial acetic
acid (>99.5%) was produced by first protonating the potassium acetate with a HCI solution to
produce acetic acid and KCI which was recovered and converted back to KOH. A liquid-liquid
extraction was then performed using ethyl acetate followed by a distillation process composed of
a dehydration and water purification column. Additional details of the separation modelling are
outlined in our previously published work.! After the separations were performed, the final product
was obtained as pure glacial acetic acid. The model for the cost of CO production was based upon
state-of-the-art solid oxide electrolyzer cell technology as described in Table S4. The overall cost
breakdown for electrochemical acetic acid production via tandem CO; electrolysis is presented in
Table S5.



Supplementary Discussion 2: Acetate Faradaic Efficiency from Partial Ethanol Oxidation

Our previous work estimated that about 30% of the acetate produced could result from partial
ethanol oxidation at relatively high current densities (600 mA cm).! This “30%” was determined
by comparing CO electroreduction results using an IrOx anode that is not active towards alcohol
oxidation with results obtained using a NiFeOyx anode that is highly active towards alcohol
oxidation. Further confirmation that about 30% of the produced acetate results from partial ethanol
oxidation was obtained by quantifying the gas composition at the anode outlet. The missing oxygen
Faradaic efficiency (FE) from the oxygen evolution reaction could be accounted for by the FE
towards partial ethanol oxidation. Higher current densities can increase the role of ethanol
oxidation due to faster crossover rates driven by larger concentration gradients. Thus, a smaller
partial ethanol oxidation contribution than the 30% of acetate FE observed at 600 mA cm? is
expected at the more moderate current densities used at the kW-scale in this work (100-300 mA
cm). Here, 30% serves as the upper boundary of potential FE error. It takes 4 electrons to generate
1 mol of acetic acid/acetate from CO (Equation 1) and 8 electrons to generate 1 mol of ethanol
from CO (Equation 2):

2CO + 4e~ + 4H,0 — CH;COOH + 40H™ (S1)
2CO + 8e™ + 7H,0 — CH5CH,OH + 80H™ (S2)

If 35% total acetate FE is observed with up to 30% of this 35% total acetate FE resulting
from the partial oxidation of ethanol, the total FE error can be estimated below in equation 3:

4eAcO

(S3)

35% total acetate FE X 30% from partial EtOH oxidation X

Thus, the FE error contribution from assuming that the acetate was produced via a 4 e
reduction process is estimated to be <5%.
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Figure S1. (a) Photograph and (b) schematic of a membrane electrode assembly (MEA)
electrolyzer.
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Figure S2. Characterization of Ag electrode. SEM images of (a) pre- and (b) post-reaction
electrodes. (c) Ag 3d and (d) Ir 4f XPS measurements of pre- and post-reaction electrodes. Post-
reaction electrode was obtained after 300 h two-step tandem CO electrolysis experiment shown
in Fig. 2.
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Figure S3. Characterization of IrO2 on Ti electrode. SEM images of (a) pre- and (b) post-reaction
electrode, and (c) Ti felt. (d) Ir 4f, (e) Ti 2p, and (f) Fe 3p XPS measurements of pre- and post-
reaction electrodes. Post-reaction electrode was obtained after 300 h two-step tandem CO:

electrolysis experiment shown in Fig. 2.
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Figure S4. Characterization of Cu electrode. SEM images of (a) pre- and (b) post-reaction
electrode. (c) Cu 2p, (d) Ni 2p, and (e) Fe 3p XPS measurements of pre- and post-reaction
electrodes. Post-reaction electrode was obtained after 300 h two-step tandem CO: electrolysis
experiment shown in Fig. 2.
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Figure S5. Characterization of Ni-Fe on Ni foam electrode. SEM images of (a) pre- and (b) post-
reaction electrode, (c) and Ni foam. (c) Ni 2p and (d) Fe 3p XPS measurements of pre- and post-
reaction electrodes. (f) Table of Ni and Fe ratio obtained from XPS measurements. Post-reaction
electrode was obtained after 300 h two-step tandem CO electrolysis experiment shown in Fig. 2.
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Figure S6. EDS measurements of (a) pre- and (b) post-reaction Ni-Fe on Ni foam electrodes. (c)
Table of Ni and Fe ratio obtained from EDS measurements. Post-reaction electrode was obtained
after 300 h two-step tandem CO- electrolysis experiment shown in Fig. 2.



Reinforced GDL

Figure S7. SEM images of (a) GDL, (b) reinforced GDL, and (c) carbon black.
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Figure S8. Faradaic efficiency and current density vs. potential for CO> electrolysis using Ag and
5wt. % Sustainion with (a) 0 wt. %, (b) 2.5 wt. %, (c) 5 wt.%, and (d) 10 wt.% carbon black (CB).
(e) Comparison of CO electrolysis using Ag with different loadings of CB. 50 mL min CO and
100 mM CsHCOs3 were used.
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Figure S9. Gas molar fraction and CO Faradaic efficiency vs. flow rate for CO; electrolysis using
Ag and 5wt. % Sustainion with (a) 0 wt. %, (b) 2.5 wt. %, (c) 5 wt.%, and (d) 10 wt.% carbon
black (CB). Comparison of CO; electrolysis using Ag with different loadings of CB for (e) CO>
molar fraction and CO Faradaic efficiency, and (f) CO> conversion. 100 mM CsHCO3 was used
as electrolyte.
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Figure S10. Photograph of a two-step tandem CO: electrolysis setup.
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Figure S14. EDS measurement of post-reaction Cu electrode after 300 h operation in the two-step
tandem electrolysis.
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Figure S15. pH measurement of electrolytes for CO, and CO electrolysis at 100 mA cm™2. (2 M

KOH electrolyte swapped ~47 h in CO electrolysis experiment).
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Figure S16. Photograph of 1,000 cm?, 10 cell CO2/CO electrolyzer stacks.
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Cathode Anode

Figure S17. Cathode flow field design (left) and anode flow field design (right).
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Electrolyzer Stack 1

+
V —/— C, C, Cs Cy Cs
Electrolyzer Stack 2
+
VT Ce C; Cs Co Cio

Figure S18. 10-cell (1,000 cm?) electrolyzer stack electrical circuit configuration (Cx represents
cell and the cell’s respective number).
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Figure S19. (a) Temperature over time for 5-cm? and 100-cm? active area without cooling, (b)
schematic of cooling water channels in a 5 cell CO2/CO electrolyzer stack, (c) temperature vs
current density for 100 cm? electrolyzer cell, (d) impact of 35 °C cooling water fed to single 100-
cm? electrolyzer cell. 2 M KOH, FAA-3-50, and NiFe anode were used.
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Figure S20. Barrel of electrosynthesized acetate produced during stability testing (~1.2 M,
>96% molar purity).
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Figure S21. XPS measurements of 100-cm? Cu cathodes. Pre-reaction cathodes (a) Cu 2p, (b) Ni
2p, (c) Fe 3p and post-reaction cathodes (d) Cu 2p, (e) Ni 2p, (f) Fe 3p. Post-reaction cathodes
were obtained after 125+ h in 1,00- cm? Stack stability experiment shown in Fig. 3d.
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Figure S22. SEM-EDS images of post-reaction 100-cm? Cu cathodes. (a) SEM image of cathode

(b) Cu elemental mapping (c) F elemental mapping (d) Fe elemental mapping (e) quantification
of bulk elements. Post-reaction cathodes were obtained after 125+ h in 1,000-cm? Stack stability

experiment shown in Fig. 3d.
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Figure S23. XPS measurements of 100-cm? Ni-Fe on Ni foam anodes. Pre-reaction anodes (a) Fe
3p, (b) Ni 2p and post-reaction anodes (c) Fe 3p, (d) Ni 2p. (e) Table of Ni and Fe ratio obtained
from XPS measurements. Post-reaction anodes were obtained after 125+ h in 1,000-cm? Stack
stability experiment shown in Fig. 3d.
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Figure S24. SEM-EDS images of post-reaction 100-cm? Ni-Fe on Ni foam anodes. (a) SEM

image of anode (b) Ni elemental mapping (c) Fe elemental mapping (d) table of Ni and Fe ratio
obtained from EDS measurements (e) quantification of bulk elements. Post-reaction anodes were

obtained after 125+ h in 1,000-cm? Stack stability experiment shown in Fig. 3d.
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FAA Nafion

Figure S25. Contact angle measurements. (a) Cu on Sigracet 39BB carbon paper with 10 wt%
Fumion FAA-3 ionomer and 10 wt% carbon black (b) Cu on Sigracet 39BB carbon paper with
10 wt% Nafion ionomer and 10 wt% carbon black.
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Table S1. Comparison of two-step tandem CO:z electrolysis stability from reported studies.
SOEC and MEA refers to solid oxide electrochemical cell and membrane electrode assembly,
respectively.

CO2RR CORR COz;RR CORR Two -step
electrolyzer electrolyzer current density current density process operation Reference
configuration configuration (mA cm?) (mA cm?) time (h)

Room temperature  Room temperature
electrolyzer electrolyzer 2 1 <1 2
(H-type cell) (H-type cell)

Room temperature  Room temperature
electrolyzer electrolyzer 100 200 <3 3
(3-compartment)  (3-compartment)

Room temperature

o 4
SOEC (800 °C) electrolyzer (MEA) 550 120 40
Room temperature Room temperature
electrolyzer electrolyzer 100 100 200 This work

(MEA) (MEA)
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Table S2. Experimentally observed parameters used in techno-economic analysis.

Parameter Value
Cell Voltage 2.26 V
Faradaic Efficiency 37%
Current Density 300 mA cm
Cathode Catalyst 1 mg Cucm?
*Copper Cost 1.18 USD kgt
Anode Catalyst 2 mg Nicm?/1mg Fecm?
*Nickel Cost 2.49 USD kgt
*Iron Cost 0.07 USD kg

*Catalyst costs are based upon 5-year average bulk metal costs from 2015-2019°
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Table S3. Techno-economic analysis major assumptions

Parameter Value Source
Plant Production Scale 50,000 kg day* 6
Plant Lifetime 20 years 6
Income Tax Rate 38.9% 6
Nominal Interest Rate 3.7% !
Balance of Plant 61% of electrolyzer capital cost 6
Maintenance Cost 2.5% of electrolyzer capital cost 8
Material Replacement Cost 40% of electrolyzer capital cost 8
Plant Lifetime 20 years 6
Plant Operating Time 330 days year™ o
*Electricity Price $0.033 USD kwh'? 10

*Electricity price based upon the global weighted average levelized cost of energy for onshore

wind electricity production®
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Table S4. Solid oxide electrolysis cell techno-economic parameters

Parameter Value Source

Energy Usage 6 KWh Nm3co 1
Power Usage 13 kW m™ 12
CAPEX 1,250 USD kw 12
Current Density 850 mA cm 12
Cell Voltage 15V 12

CO; Cost 35 USD ton'? 13
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Table S5. Techno-economic analysis cost breakdown (baseline scenario)

Cost Source

Contribution to Total Cost (%)

Power Usage
Maintenance
Stack Hardware
Membrane
Catalyst
CO Production
Water
Distillation
Electrolyte Recovery/Protonation

Balance of Plant

46.8%
0.7%
1.6%
0.4%
0.2%

28.4%
0.2%
8.2%
12.7%
0.9%

*Does not add up to 100.0% due to rounding
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