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Abstract:

Electrolytic CO; reduction fails in the presence of Oz. This failure occurs because the reduction of O is
thermodynamically favored over the reduction of CO.. Consequently, Oz must be removed from the CO»
feed prior to entering an electrolyzer, which is an expensive process. Here, we show the use of liquid
bicarbonate feedstocks (e.g., aqueous 3.0 M KHCO:s3), rather than gaseous CO; feedstocks, enables
efficient and selective CO» reduction without additional procedures for removing O». This advance is
made possible because liquid bicarbonate solutions deliver high concentrations of captured CO; to the
cathode, while the low solubility of O; in aqueous media maintains a low O, concentration at the same
cathode surface. Consequently, electrolyzers fed with liquid bicarbonate feedstocks create an environment
at the cathode that favors the reduction of CO, over O,. We validate this claim by electrochemically
converting CO; into CO with reaction selectivities of ~65% at 100 mA c¢cm using 3.0 M KHCOs3 solution
bubbled with 100% CO: or 100% O>. Similar experiments performed with a gaseous CO; feedstock
showed that merely 1% of O in the feedstock reduced CO selectivity to 11 + 3.7%. Our findings
demonstrate that a liquid bicarbonate feedstock enables efficient CO> reduction without the need for

expensive Oz removal steps.
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The electrolytic reduction of CO» can reduce greenhouse gas emissions by converting waste CO»
into valuable products (e.g., CO, formate, methanol, ethylene, alcohols).!> However, practical sources of
CO; contain high concentrations of Oy; for example, air and flue gasses contain 21% and 5-15% O,
respectively.*® Concentrations of O, need to be managed because the O reduction reaction (ORR, Eq. 1)
occurs at a less negative reduction potential than the CO: reduction reaction (CO2RR, Eq. 2).+%1°

Electrochemical reactors therefore do not efficiently convert CO> into valuable products in the presence

of 0. 410!

ORR: Oz + 4H"(aq) + 4 = 2H20q E’= 1.23 Vvs. SHE (1)

CO2RR: COsg + 2H' g +2¢” = CO(g + H20q) E'= —0.11 V vs. SHE )

Any electrolyzer fed with gaseous CO» (“gas-fed electrolyzer”’) must contain a high concentration
of CO; and low concentration of O,.” Direct air capture (DAC) can generate concentrated streams of CO,
containing <1% O- through successive drying and calcination steps.>® These steps require 200 kJ of
thermal energy input per mol of CO generated (Figure 1).!> Amine-based sorbents can generate pure
streams of CO» from flue gasses, but this process also requires thermal energy to desorb captured CO-
(Figure 1).13:14

An alternative way to electrochemically convert CO> into fuels is to feed an electrolyzer with a
liquid CO; carrier such as aqueous KHCO3.15-2! The delivery of KHCOs to the cathode compartment of a
“liquid-fed electrolyzer” can generate high in-situ concentrations of CO» (“i-CO;”) at the catalyst surface
after reaction with acid delivered by the membrane.!>?>?* These liquid-fed electrolyzers can reach
electrolyzer performance metrics (e.g., voltage, current densities, carbon efficiencies) that match or exceed
those of gas-fed electrolyzers.?!** Importantly, KHCOj3 is an eluent of certain CO; capture units, and thus

the liquid-fed electrolyzer enables CO> capture and conversion (Figure S1).%
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Here, we highlight another significant advantage of a liquid-fed electrolyzer: a low concentration
of O2 at the cathode. By delivering CO: to the cathode in the form of aqueous bicarbonate solutions, the
exceptionally low solubility of Oz in aqueous medium (0.0012 M @ 1 atm, 298 K)?¢ naturally maintains
a low concentration of O in the reaction environment. Thus, the electrolytic conversion of aqueous
bicarbonate solutions can be performed without complications arising from O reduction.

To demonstrate these claims, we tested how varying amounts of O affected the formation of CO
from CO; in gas- and liquid-fed electrolyzers. The same electrolyzer was used for all experiments in the
study, with the only difference being the feedstock for the cathode chamber; the gas-fed electrolyzer was
provided CO; and the liquid-fed electrolyzer was provided 3.0 M KHCOs. The volume fraction of O3 in
the CO» feed varied from 0-10%, while 0-10% O, was bubbled through the liquid feedstock prior to entry
into the electrolyzer. The results outlined herein show that even low concentrations of Oz in the CO>
stream rendered CO2RR ineffective, while the performance of the liquid-fed electrolyzer was not affected
by bubbling O; through the feedstock. This outcome demonstrates how to carry out O»-resistant CO>

conversion.
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Figure 1: Schematic of various CO> capture and conversion pathways from O-containing CO; streams.
Pathways 1 and 2 depict the capture and conversion of CO; sourced from the atmosphere using gas- and
liquid-fed electrolyzers, respectively. Pathways 3 shows the direct conversion (i.e., no capture steps) of
CO; sourced from industrial flue gas. Pathways 4 and 5 show the conversion of flue gas CO, captured
using amine and alkaline sorbents, respectively. Streams of CO; purified using amine absorption serve as
the feedstock for a gas-fed electrolyzer. Similarly, the KHCO; eluent from the alkaline absorber is fed
into the liquid-fed electrolyzer.

The liquid-fed electrolyzer used in this study consisted of a composite silver-carbon (Ag/C)
cathode and nickel foam anode pressed between cathodic and anodic serpentine flow plates (Figure S2-
3). The cathode was prepared by dispersing 8 mg of Ag nanoparticles into an ethanol solution containing
10 pL of 20 wt% Nafion™. The resulting dispersion was deposited onto carbon paper with a commercial
gravity-fed pneumatic spray-coater. The cathode and anode were separated by a hydrated Fumasep™
bipolar membrane (BPM), which mediated water dissociation under reverse-bias, transporting H" to the

cathode and OH™ to the anode. The H' reacted with HCOs~ or CO3> to form i-CO,, which was then
5

https://doi.org/10.26434/chemrxiv-2023-mlsp5 ORCID: https://orcid.org/0000-0001-6875-849X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-mlsp5
https://orcid.org/0000-0001-6875-849X
https://creativecommons.org/licenses/by-nc-nd/4.0/

reduced at the cathode. The OH™ was oxidized to Oz and H>O at the Ni foam anode. Assembly of the gas-
fed electrolyzer was the same as for liquid-fed experiments, with the exception of a Sustainion® X37-50
Grade RT anion exchange membrane (AEM) in place of the BPM and a microporous layer on the carbon

paper (Figure S3). Gaseous products were detected using in-line gas chromatography in both experimental

set-ups.
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Figure 2: a) Schematic of CO> conversion in the cathode compartment of a gas-fed CO; electrolyzer (top)
and a liquid-fed bicarbonate electrolyzer (bottom). b) CO selectivity following electrolysis of humidified
gaseous CO> containing 0-10% O at 100 mA cm™. ¢) CO selectivity following electrolysis at 100 mA
cm? using 3.0 M KHCOs continuously bubbled with CO: containing 0-10% O ¢) CO selectivity
following electrolysis of humidified gaseous CO> containing 0-10% O at 100 mA cm™.

We first examined the effects of O> on a gas-fed electrolyzer that converted CO> into CO (Figure
2b). Control experiments were performed using 100% CO> fed to the cathode compartment at a flow rate

of 200 sccm. Electrolysis performed at 100 mA ¢cm resulted in a faradaic efficiency for CO (FEco) of 96

+ 2% (Table S1). When the CO> stream contained just 1% O», the FEco decreased to 85 + 4%. A volume
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fraction of 10% O caused a near-total loss of CO selectivity, which decreased to 6 + 2%. Over 90% of
the total FE was unaccounted (Figure S4), indicating that >90% of the electrons were diverted to the
parasitic ORR. These losses in CO formation were consistent with previous studies that showed O»
suppresses CO2RR due to the favorable thermodynamics of ORR.*!%!!

Moreover, CO formation in the gas-fed electrolyzer did not fully recover following exposure to
O (Figure S5). After restoring a pure CO» feedstock following electrolysis at 100 mA c¢cm using 90%
CO; and 10% Oz, the FEco did not exceed 10%. The remaining faradaic efficiency is attributed to the
formation of H> from the parasitic hydrogen evolution reaction (HER). This result is consistent with
flooding of the cathode with the H,O produced from ORR.?7-2°

We then measured FEco losses in the liquid-fed electrolyzer caused by the same volume fractions
of O2. To simulate the steady-state capture of a CO» stream contaminated with O2, we bubbled a mixture
of CO; containing 0-10% O; into a 3.0 M KHCOj3 solution at a flow rate of 200 sccm. This bubbling step
was performed for 30 minutes prior to and during electrolysis. The pressure within the catholyte reservoir
was maintained at approximately 1 atm. Electrolysis experiments performed at 100 mA c¢cm using 100%
CO; resulted in a FEco of 66 + 3% (Figure 2c, Table S2). We observed no losses in CO selectivity with
increasing Oz volume fraction. For example, FEco remained at 66 + 2% when the bicarbonate solution
was exposed to COz containing 10% Ox.

The consistent CO selectivities in the liquid-fed electrolyzer even in the presence of O, (Figure
S6) signals that ORR did not occur. We attribute this result to low concentration of O in solution. Prior
to bubbling, the dissolved Oz concentration in 3.0 M KHCO; was consistent with Henry’s law at a value
of 0.27 + 0.1 mM in ambient conditions.>® When the bicarbonate feedstocks were bubbled with CO»
containing 0-10% O, the O concentrations in solution decreased (Figure S7). This decrease is likely
because CO» increased the gas-liquid interface, which caused dissolved O to diffuse into the gas phase.?!

This degassing effect decreased as the O volume fraction increased. After 30 minutes of bubbling with
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100% CO., the O concentration measured in solution was 0.04 mM, compared to 0.16 mM when the gas
stream contained 10% Oz. These low amounts of O in solution limit mass transport for ORR.

To further assess the O resistance of the liquid-fed electrolyzer, we converted bicarbonate
solutions bubbled with more concentrated streams of Oz (up to 100% O3). At higher volume fractions, no
degassing occurred and dissolution of O> into solution was observed (Figure 3a). When 100% O> was
used, the Oz concentration in solution reached 0.9 mM, which nears the solubility limit of O> under
ambient conditions.?® Electrolysis of the bicarbonate solutions at 100 mA c¢m™ following 30 minutes of
bubbling prior to and during electrolysis resulted in CO selectivities of ~65% (Figure 3b), which is similar
to the FEco values obtained in experiments using 0% O». These results indicate that the low solubility of

O: in solution suppresses ORR in liquid-fed electrolyzers.
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Figure 3: a) Concentration of dissolved O in a 3.0 M KHCOs solution prior to electrolysis. Humidified
COz (0-100%) and O2 (0-100%) was bubbled into the solution for 30 minutes prior to and during
electrolysis at a contact flow rate of 200 sccm. b) Product distributions from the electrolysis of 3.0 KHCO3
bubbled for 30 minutes with CO» (0-75%) and O between (0-100%). Electrolysis was performed for 5
minutes at a constant applied current density of 100 mA c¢cm™.
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In this study, we demonstrate the effects of O2 on CO formation in an electrolyzer fed with either
CO; or bicarbonate. When 10% O; was present in the CO; feed entering the gas-fed electrolyzer, CO
selectivity decreased by >90%. The liquid-fed electrolyzer was unaffected by the dissolved O; in the
bicarbonate solution. The conversion of bicarbonate solutions all resulted in FEco values of ~65% at 100
mA c¢cm 2 when bubbled with gas streams containing 0-100% O». Our findings indicate that the electrolysis

of bicarbonate solutions is an O»-resistant approach to generating valuable products from waste CO,.
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