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CONSPECTUS: Carbon capture, utilization, and sequestration ‘ o '~
play an essential role to address CO, emissions. Among all carbon
utilization technologies, CO, electroreduction has gained immense
interest due to its potential for directly converting CO, to a variety
of valuable commodity chemicals using clean, renewable electricity
as the sole energy source. The research community has witnessed
rapid advances in CO, electrolysis technology in recent years,
including highly selective catalysts, larger-scale reactors, specific
process modeling, as well as a mechanistic understanding of the
CO, reduction reaction. The rapid advances in the field brings
promise to the commercial application of the technology and the
rapid rollout of the CO, electroreduction for chemical
manufacturing,

This Account focuses on our contributions in both fundamental
and applied research in the field of electrocatalytic CO, and CO
reduction reactions. We first discuss (1) the development of novel electrocatalysts for CO,/CO electroreduction to enhance the
product selectivity and lower the energy consumption. Specifically, we synthesized nanoporous Ag and homogeneously mixed Cu-
based bimetallic catalysts for the enhanced production of CO from CO, and multicarbon products from CO, respectively. Then, we
review our efforts in (2) the field of reactor engineering, including a dissolved CO, H-type cell, vapor-fed CO, three-compartment
flow cell, and vapor-fed CO, membrane electrode assembly, for enhancing reaction rates and scalability. Next, we describe (3) the
investigation of reaction mechanisms using in situ and operando techniques, such as surface-enhanced vibrational spectroscopies and
electrochemical mass spectroscopy. We revealed the participation of bicarbonate in CO, electroreduction on Au using attenuated
total-reflectance surface-enhanced infrared absorption spectroscopy, the presence of an “oxygenated” surface of Cu under CO
electroreduction conditions using surface-enhanced Raman spectroscopy, and the origin of oxygen in acetaldehyde and other CO
electroreduction products on Cu using flow electrolyzer mass spectrometry. Lastly, we examine (4) the commercial potential of the
CO, electrolysis technology, such as understanding pollutant effects in CO, electroreduction and developing techno-economic
analysis. Specifically, we discuss the effects of SO, and NO, in CO, electroreduction using Cu, Ag, and Sn catalysts. We also identify
technical barriers that need to be overcome and offer our perspective on accelerating the commercial deployment of the CO,
electrolysis technology.
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Figure 1. CO, electroreduction reactions and products. (a) Schematic of a typical CO, electrolyzer. The cathode chamber utilizes electrons to
reduce CO, to a variety of carbon-containing products. An anion-exchange membrane is used to separate the cathode and anode. (b) Schematic of
the CO, electroreduction cathode surface. CO, is reduced to a variety of products, including carbon monoxide (CO), formic acid (HCOOH),
ethylene (CH,CH,), and ethanol (CH,CH,OH) at the cathode surface. (c) Half-cell reactions for CO, electroreduction in alkaline aqueous
conditions. Anodic half-cell reaction is the oxygen evolution reaction. Typical electrocatalysts used for each reaction are listed.

catalysts exhibited a high sensitivity to the presence of SO,
even at an extremely low concentration.

e Zhao, Y,; Chang, X.; Malkani, A. S; Yang, X,;
Thompson, L.; Jiao, F; Xu, B.; Speciation of Cu
Surfaces during the Electrochemical CO Reduction
Reaction J. Am. Chem. Soc. 2020, 142, 9735—9743°
Surface speciation of the various copper surfaces was
investigated under alkaline CO electroreduction conditions
via surface-enhanced Raman spectroscopy, revealing that the
oxygen-containing species on the copper surface do not assist
the formation of multicarbon oxygenates.

e Shin, H.; Kentaro, H.; Jiao, F. Techno-economic
assessment of low-temperature carbon dioxide electrol-
ysis Nat. Sustain. 2021, 4, 911—919* The economic
aspects of low-temperature CO, electroreduction technology
were investigated to identify the critical technical gaps,
which provide guidelines for future research and market

deployment.

1. INTRODUCTION

There is an urgent need to reduce carbon dioxide (CO,)
emissions due to the imminent threat of climate change.5
Significant effort has been devoted to developing advanced
technologies for carbon capture, utilization, and storage
(CCUS) to mitigate CO, emissions.” As renewable electricity
becomes abundant and affordable, CO, conversion to value-
added chemicals through electrochemical methods attracts
much attention.” Typical CO, electrolyzers reduce CO, to
hydrocarbons and oxygenates at the cathode, whereas water is
oxidized to oxygen at the anode (Figure 1a). In most ambient
condition reactors, the cathode and anode chambers are
physically separated by an ion-conducting polymer membrane,
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which readily conducts charged ions but blocks the crossover
of redox-active species.”” Currently, a number of chemicals can
be produced with appreciable selectivity, including single-
carbon (C,) products, such as formate and carbon monoxide
(CO), and multicarbon (C,,) products such as ethanol,
ethylene, and n-propanol (Figure 1b).'°7*° The typical half-
reactions involved in CO, electrolyzers and their associated
electrocatalysts are summarized in Figure lc.

Over the past decade, significant progress has been made to
advance the CO, electrolysis technology, making it promising
for commercialization.””"***”*® For practical applications,
the CO, electrolyzer must be operated under the following
conditions: high current densities—fast reaction rates enable
one to produce large quantities of products with a limited
electrode size, maximizing the utilization of the capital
investments; high Faradaic efficiencies—increased product
selectivity not only improves the feedstock utilization but also
reduces the downstream separation costs; high energetic
efficiencies—a low applied full cell potential minimizes the
energy consumption and, thus, the operation cost; high single-
pass conversions—a commonly ignored parameter that
determines the cost associated with the feedstock/product
separation and recovery; high product concentrations—
another important parameter controls the separation cost;
high long-term stabilities—a robust system that can be
operated for thousands of hours is required for practical
applications but is rarely achieved in the CO, electroreduction
research.

The primary question is how can a high-performance CO,
electrolyzer that simultaneously possesses all desired properties
be constructed? A highly efficient electrocatalyst for CO,
reduction is the most critical component in enhancing the
operating current density and product Faradaic and energetic
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Figure 2. Investigative routes for novel catalyst designs for CO,/CO electroreduction. Two significant routes for enhanced performance of CO,/
CO electroreduction. Routes presented include (a) nanostructuring (top left) and (b) bimetallics. Image reproduced with permission from ref 42.

Copyright 2021 AAAS.

efficiencies.'”"*™'%?%**73* Ideally, electrocatalysts possessing
active sites with a high turnover frequency and suitable binding
energy will promote the formation of desired products at fast
rates and low overpotentials.”” Consequently, most of the
research efforts in CO, electroreduction have been devoted to
hunting for better electrocatalysts.’® Because of the complex
nature of electrochemical systems, a high-performance CO,
reduction electrocatalyst alone is not sufficient to meet all the
requirements mentioned above for commercialization. Re-
search efforts in reactor engineering are urgently needed to
improve other important characteristics, such as single-pass
conversions, product concentrations, and long-term stabil-
ities.”****”*® This Account will discuss our approach to push
CO, electrolysis technology toward practical applications
through electrocatalyst development, reactor engineering, and
operando characterizations.

2. ELECTROCATALYST DESIGN AND SYNTHESIS

Nanostructured catalysts offer a unique opportunity to modify
the properties of the catalyst layer. To boost the selectivity and
activity of CO, conversion to CO, we first designed a
nanoporous Ag catalzst for the electrochemical CO, reduction
reaction (eCO,R).>* Previous studies show that Ag is a
selective electrocatalyst for reducing CO, into CO in aqueous
electrolytes.””* Conventional polycrystalline Ag particles
require a large overpotential to obtain an appreciable current
density (~5 mA cm™2).** Studies on Ag single crystals confirm
that low-coordinated Ag sites on the step surfaces have higher
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activities than flat surfaces.*' Therefore, a nanostructured Ag
catalyst with a high density of low-coordinated surface sites
would be ideal for promoting the activity of CO, electro-
reduction to CO with high selectivity (i.e, Faradaic efficiency
(FE)).

We chose to synthesize a free-standing nanoporous Ag
catalyst because it can be used as an electrode directly without
any conductive supports, making it a suitable candidate for
fundamental studies. The nanoporous Ag was fabricated via a
selective dealloying method, where aluminum (Al) was etched
away from a Ag—Al bimetallic precursor to form a three-
dimensional interconnected porous network (Figure 2a). The
resulting nanoporous Ag was then evaluated in a three-
electrode H-type cell, the standard electrochemical device for
fundamental investigations. As expected, the catalyst exhibited
a decent CO Faradaic efficiency (~90%) together with a high
activity (~3000 times higher reaction rate than the polycrystal-
line Ag) under moderate overpotentials (<0.50 V). Because of
the low solubility of CO, in the aqueous electrolyte (e.g, 1 M
KHCO;), the reaction rate of the Ag catalyst was limited to
~35 mA cm ™ in the H-type cell configuration.” Switching to
a gas-fed flow cell configuration may improve the reaction rate;
however, the nanoporous Ag catalyst is fragile and hard to
incorporate into a gas-diffusion electrode (GDE) for flow
reactors.

As it is easier to load nanoparticles onto gas diffusion layers
(i.e, carbon paper) than free-standing nanoporous catalysts,
we investigated Cu-based bimetallic nanoalloys as potential
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supplied instead of CO,.

catalysts for electrochemical CO reduction (eCOR).* Recent
computational modeling has suggested that the addition of a
secondary metal to the Cu would improve the energetic
properties of the catalyst surface.*”** Therefore, the
motivation behind studying these Cu-based bimetallics was
to search for a combination of metals that allow for a more
selective production of C,, products from eCOR/eCO,R
compared to Cu alone. In collaboration with Prof. Hu at the
University of Maryland, College Park, we successfully
synthesized an extensive set of homogeneously mixed Cu-
based bimetallic nanocatalysts, including elements that were
considered “immiscible,” using a nonequilibrium high-temper-
ature shock method (Figure 2b).* In conventional methods,
such as galvanic replacement and seed-mediated growth, the
resulting materials are greatly limited to the thermodynamically
favored structures.” ™" Consequently, it is challenging to form
a large set of bimetallics with a uniform morphology but
different compositions.

In contrast, by applying a thermal shock for a short time
(~0.2 s), Cu and secondary metals can be kinetically trapped
to obtain uniform bimetallic nanoalloys. The results showed
that CugyAg,; and CuyoNiy; exhibit enhanced C,, selectivities
over pure Cu. C,, FE increased from 64% on Cu to 70% and
76% on CugyAg,; and CuygNij ;, respectively. A small portion
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of CuyoAg,, became phase-segregated, with Ag migrating to
the surface due to the lower surface energy of Ag, whereas
CuggNiy; showed no sign of phase segregation. Overall, the
eCOR performance was stable, and the majority of CuyoNiy,;
and CugygAg,; remained homogeneous under eCOR. The
newly synthesized homogeneously mixed bimetallic catalysts
offer access to novel materials and allow for a systematic
comparison of the role of secondary metals on eCOR.
Additionally, it is possible to fabricate high-entropy nanoalloys
with multiple elements (up to 18 elements per particle) using a
similar thermal shock method, which opens tremendous
opportunities for exploring catalyst materials that cannot be
accessed using conventional methods.”® However, these high-
entropy nanoalloys could be difficult for fundamental studies
because of their complex nature.

3. FLOW REACTOR DESIGN

As mentioned above, flow reactors have significant advantages
over dissolved CO, reactors in terms of handling gaseous
reactant(s) and product(s).*’ By incorporating a gas diffusion
electrode (GDE), flow reactors can overcome the mass
transport issues associated with gaseous reactants, for example,
CO, and CO, that are poorly soluble in aqueous electrolytes.
As a result, the GDE-based flow cells can be operated at much

https://doi.org/10.1021/acs.accounts.1c00674
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Figure 4. Spectroscopic analysis of CO, reduction surface. (a) ATR-SEIRAS spectra collected during square-wave electrolysis of CO, saturated 0.5
M NaHCO; on Au film electrodes. (b) SERS spectra of oxygenated surface species on Cu nanoparticles and foil during a CO electroreduction
under —0.8 V. Cu0O,/(OH), is dominant on nanostructured Cu surfaces, whereas CuO, is dominant on Cu foil. (c) FEMS signal of m/z = 31
during a CO electroreduction under different potentials on Cu GDE. Mass fragment —CH,OH" is from ethanol and n-propanol products.

higher current densities (up to 1 A cm™?) without
compromising the product selectivity.' In 2017, the first-
generation CO,/CO flow electrolyzers were built in the Jiao
group using an original design kindly provided by Prof. Kenis
in the University of Illinois at Urbana—Champaign, known as a
three-compartment microfluidic cell (Figure 3a,d)." In this
design, eCO,R/eCOR reduction catalyst particles are loaded
onto a hydrophobic gas diffusion layer (GDL) as the cathode
GDE. Then, the cathode GDE is placed between a gas
chamber for the CO,/CO feed and a liquid catholyte chamber.
Using this microfluidic cell, we successfully demonstrated
eCOR at a total current density of nearly 1 A cm™?, which is a
3 orders of magnitude improvement over the state of the art at
the time (~1 mA cm™ achieved in an H-cell (Figure 3b)).
This state-of-the-art performance was achieved by utilizin
oxide-derived copper, an ultrahigh surface area Cu catalyst,”
which allowed for greater current densities to be achieved at
reduced applied potentials. Notably, the high current density
was achieved with a C,, FE of ~90%.

Microfluidic cells are now widely adopted by the CO,
electrocatalysis community to evaluate electrocatalyst proper-
ties at high current densities.'”””'™>® While the three-
compartment microfluidic cells greatly enhanced the eCO,R/
eCOR performance, the reactor design faces some challenges,
such as a relatively high internal resistance due to the use of
two liquid electrolyte compartments, poor stability of the
electrode—electrolyte interfaces, and difficulty in scaling up to
larger sizes. Suppose a 1 M KOH solution is used as the
catholyte and the catholyte chamber has a thickness of 3 mm.
In that case, the resistance across the catholyte layer will be
1.875 ohm cm?, corresponding to a voltage loss of 940 mV at
an operating current density of $00 mA cm 2" Salt
accumulation and flooding are also frequently observed in
the microfluidic cells during long-term operations, which cause
product selectivity and cell stability issues, as the pores in the
GDL are blocked.”®*>*® Therefore, the three-compartment
microfluidic cell design is an excellent choice for fundamental
studies but may not be ideal for practical applications.

The internal resistance could be substantially reduced by
eliminating the catholyte compartment, which converts the
typical three-compartment microfluidic cell into a two-
compartment flow cell. Currently, there is significant interest
in developing two-compartment eCO,R/COR cells with a
membrane electrode assembly (MEA) design, as they are
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potentially more energetically efficient.”****”** The MEA-
based two-compartment flow reactor design (Figure 3ce)
features a GDE as the cathode, placed against an ion-
conducting polymer membrane. The overall cell configuration
is simpler than the microfluidic counterparts, especially when
the electrolysis is conducted at elevated pressures. Recent
studies show an improved energetic efliciency for the MEA-
based two-compartment cells, capable of reaching higher than
100 mA cm™2 at less than 3 V full cell potentials.”*>"* The
most crucial aspect of the MEA design, besides the improved
energetic efficiency, is its potential in scalability. As seen with
fuel cells,”” ™" the single-cell MEA design can be readily scaled
into multicell stacks for commercial applications, which has
been demonstrated on a small scale, where a three-cell stack
was constructed to achieve 18.3 A total current density toward
co.”

Using the MEA-based two-compartment flow cells, we
investigated the single-pass conversion of CO, in an electro-
lyzer, one of the poorly studied parameters that strongly
impacts downstream product separation costs.”® We chose Ag
nanoparticles as the cathode catalyst and iridium oxide-loaded
titanium support as the anode. At the optimal conditions,
~43% of CO, was electrochemically converted into CO in a
single pass of the CO, feed. While this number seems low at
first glance, the maximum single-pass conversion of CO, into
CO is limited to 50% due to the bicarbonate/carbonate
formation when an alkaline electrolyte (e.g, KOH) is used.
Replacing the alkaline electrolyte with a neutral electrolyte
(e.g, KHCO;) does not solve the bicarbonate/carbonate
problem because the electrode—electrolyte interface is still
highly alkaline during the electrolysis, especially at high current
densities. For C,, products, the situation is even worse, as the
maximum single-pass CO, conversion is limited to ~25%.7%
These limitations are based on the assumption that CO,>~
serves as the primary charge carrier in these systems. Several
alternative cell designs have been proposed to address the
carbonate formation issues in the polymer membrane-based
CO, electrolyzers, such as implementing a bipolar mem-
93795 or a surface-coated cation exchange membrane®®
and high-temperature solid oxide electrolysis route.”” =%

4. OPERANDO CHARACTERIZATIONS

To advance our understanding of eCO,R and eCOR,
operando characterization techniques are crucial to reveal the

https://doi.org/10.1021/acs.accounts.1c00674
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reactive intermediates when the catalyst is actively catalyzing
the reactions. Surface-sensitive techniques help us understand
the interfacial transformation occurring on/near the electrode
surface, such as the dynamics of adsorbed species and reactive
intermediates.”’~"? In an early study, we used attenuated total-
reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) to study a CO-selective Au catalyst in
eCO,R.”? The ATR-SEIRAS technique selectively detects the
species on/near the catalyst surface (<10 nm). While the
method has a high sensitivity for detecting a C=O triple bond
vibration, CO weakly bonds to the Au surface under eCO,R
conditions. Together with Prof. Xu, we employed a square-
wave potential profile, in which CO was electrocatalytically
produced at negative potentials and then readsorbed at positive
potentials.”* By doing so, CO was observable using ATR-
SEIRAS (Figure 4a). Using isotopic labeling methods, we
successfully identified the source of CO, during eCO,R in
aqueous bicarbonate (HCO;™) electrolytes. Through a rapid
equilibrium with the dissolved CO,, bicarbonate actively
participates in eCO,R under the test conditions. This was
further proved in a report by Li et al., in which they directly fed
a HCO;™ solution in the absence of CO, gases and generated
CO on Ag GDE in a flow cell.”> More importantly, these
studies showed the possibility of an electrochemical reduction
of a HCOj;™ solution at an appreciable current density, which
has been demonstrated experimentally.

Beyond CO, more predicted reaction intermediates have
been successfully observed on SEIRAS. For example, the
carboxyl intermediate *COOH was detected on a Ag
electrode, which indicates the first step of proton-coupled
electron transfer for CO production.”® By using time-resolved
SEIRAS, two distinct intermediates, *CHO and *OCCO, were
proved to be involved in two separate pathways toward C,
(CH,) and C, (C,H,) products on Cu, respectively.”’
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Furthermore, different metal surfaces showed different
affinities for C or O of these intermediates, which can also
explain the product selectivity.”®

Compared to ATR-SEIRAS, surface-enhanced Raman spec-
troscopy (SERS) could provide additional information on the
interactions between metal surfaces and adsorbed species,
usually present in low wavenumber ranges (<800 cm™').
Therefore, we applied SERS to investigate the Cu surface
under reaction conditions and observed the existence of
adsorbed CuO, and Cu(OH),/O, species even at a lower
potential of —0.8 V (Figure 4b).? In contrast to the metallic
state of Cu surfaces under reduction potentials, as suggested by
operando X-ray absorption spectroscopy (XAS)," SERS results
revealed an “oxygenated” surface of the Cu catalyst, which
more likely reflects the true nature of the Cu surface under the
reaction conditions due to the higher sensitivity of the SERS
technique in comparison to XAS. Despite similar oxygenated
species on several nanostructured Cu surfaces, we observed a
different selectivity toward C,, products depending on the type
of catalyst surface used. Oxide-derived Cu exhibited the
highest production rate of oxygenated species among all
nanostructured Cu catalysts. Further studies are still needed to
elucidate the mechanisms of how the surface oxygenated
species are involved in eCO,R and eCOR.>"**"** Through
subsecond time-resolved SERS, An et al. found that the
oxygenates form after several seconds (7 s) upon applying a
cathodic potential, which is due to the high surface alkalinity,
as the eCO,R occurs after the redeposition of leached Cu®* in
the electrolyte.”’ At the same time, the high surface
enhancement of this reconstructed and roughened surface
allowed a dynamic monitoring of the evolution of the CO
configuration every 0.7 s, which was an improvement of this
method.
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To complement the surface-enhanced vibrational spectros-
copies, techniques that allow us to detect reaction
intermediates directly (e.g., oxygenates) are also highly
attractive.”” In a recent study, we developed a flow electrolyzer
mass spectrometry (FEMS) device by incorporating a gas-
diffusion electrode design in a flow electrochemical reactor,
which enables the detection of reactive volatile or gaseous
species at high current densities (>100 mA cm™) (Figure
4¢).>" In 'O labeled water experiments, we found that the
oxygen in the as-formed acetaldehyde intermediate was not
180 labeled, suggesting its oxygen originated from the reactant
CO. Additionally, most alcohols (i.e., ethanol and n-propanol)
were %0 labeled. Therefore, their formations are likely
through a further reduction of aldehydes after an oxygen
exchange process. The unique capability of the FEMS
technique will allow us to probe reactive intermediates in
other gas-phase electrocatalytic reactions, such as NO,
reduction reactions.

5. TOWARD THE PRACTICAL CO, ELECTROLYSIS
SYSTEMS

Currently, most research on CO, electroreduction has been
conducted using a highly pure CO, feed; however, the
compatibility of CO, electroreduction with CO, captured from
realistic point sources, such as chemical and power plants, has
not been scrutinized. CO, captured from point sources often
contains impurities, such as NO,, SO,, O,, and VOCs (Figure
5).**** Therefore, a comprehensive understanding of these
impurities is essential to guide the future deployment of CO,
electrolysis technologies. In this regard, we studied the impact
of SO, and NO,’* on CO, electroreduction using Cu, Ag, and
Sn catalysts.

On the one hand, the presence of SO, induced an FE loss in
all three catalysts due to the preferential reduction of SO, over
CO, and formed metal sulfides; however, the eCO,R
performance quickly recovered for Ag and Sn after SO, was
removed. On the other hand, Cu not only showed a loss in FE
but also a dramatic shift in selectivity toward formate and the
complete suppression of C,, products. The effect of SO, was
irreversible on Cu, and formate remained the primary product
after SO, had been removed from the CO, stream. Various
characterizations and computational studies suggested that the
formation of copper sulfide was responsible for the selectivity
shift and that eliminating sulfur species from Cu was extremely
difficult. While a trace amount of SO, in the CO, stream was
compatible with Ag and Sn, it was detrimental to Cu.

Turning to NO, impurities, the presence of NO, (i.e, NO,
NO,, and N,O) also reduced the eCO,R FE, with minimal
change in product selectivity, and the performance recovered
after NO, was removed from the CO, stream on Ag, Sn, and
Cu. N from NO, incorporated into the carbon support but did
not affect the metal catalysts, supporting that NO, compounds
do not affect the catalytic property of the metal catalysts. NO
(nitric oxide) was converted to N,, nitrous oxide (N,O),
ammonia (NH;), and hydroxylamine (NH,OH). An inves-
tigation of NO’s impact at the typical concentrations of NO, in
flue gases revealed that, although NO, can reduce the
efficiency of CO, electroreduction, it is compatible.

These studies motivate the demonstration of CO,
electrolysis using simulated flue gases and the development
of impurity-resistant catalysts. Although the production of C,,
products is highly desired, it may not be possible to use CO,
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captured from point sources due to the detrimental effect of
SO, on Cu. Thus, the development of impurity, especially SO,,
resistant C,, formation catalysts may be crucial. Furthermore,
CO, from a direct air capture may be promising, as these do
not contain the above-mentioned impurities. Direct air capture
technology has already been implemented in a pilot plant, and
the CO, capture price is expected to decrease with technology
development.®

As much progress has been rapidly achieved in eCO,R
technologies, a comprehensive techno-economic analysis is
essential to assess the economic feasibility and identify critical
challenges and opportunities of eCO,R technologies.**™*’ Our
recent techno-economic analysis was conducted with baseline
parameters of electricity price of 0.03 USD kWh™!, stack cost
of 550 USD kW', MEA replacement period of one year, and
the cost of CO, of 40 USD tonne-CO, " An analysis suggests
that the production costs of C; products (e.g,, CO and formic
acid) are already competitive with conventional processes, with
0.44 and 0.59 USD/kg, respectively. For CO production,
electrolyzer parameters were assumed as AEM, 2.6 V, 500 mA
cm™?, 30% single-pass conversion, and 95% FE, while for
formic acid production, they were assumed as bipolar
membrane (BPM), 3.5 V, 200 mA cm™?, 70% single-pass
conversion, and 85% FE. Types of membranes were chosen
based on the membrane cost analysis.

However, the production of C,, products (i.e., ethylene and
ethanol) requires a substantial improvement due to high costs
of 2.50 and 2.06 USD/kg, respectively. For ethylene
production, electrolyzer parameters were assumed as AEM,
2.9 V, 1000 mA cm™2, 15% single-pass conversion, and 70%
FE, while for ethanol production, they were assumed as AEM,
2.5V, 500 mA cm™2, 15% single-pass conversion, and 60% FE.
On the basis of the analysis, the most impactful and vital
challenge to make C,, product production economically viable
is to improve the CO, electrolyzer performance (50%
energetic efficiency (EE), >80% FE, and 1000 mA cm™?)
and reduce the renewable electricity price (0.01 USD/kWh).
Bicarbonate formation also severely hinders the economic
feasibility of CO, electroreduction, so strategies to mitigate this
issue are needed. Additionally, reducing the stack cost (e.g.,
replacing the expensive iridium anode) and replacement cost
(e.g., increasing the stability to five years) and incorporating
economic factors, such as the carbon tax credit and selling
hydrogen byproduct, can help lower the production cost.*”**

A two-step eCO,R process, in which CO, is converted to
CO in the first CO, electrolyzer and CO is further converted
to C,, products in the second CO electrolyzer, has been
proposed as an effective carbon utilization strategy.”*>* This
strategy benefits from reduced carbonate formation and
improved C,, production rate and selectivity. The techno-
economic analysis of the two-step conversion process, with
optimistic parameters of 90% FE, 50% single-pass conversion,
300 mA cm™2, and 2 V for both eCO,R and eCOR, revealed
that, while the production of ethylene requires a substantial
improvement, the production of acetic acid may be
immediately profitable. At 2 V, acetic acid and ethylene
productions became competitive at electricity prices below
0.05 and 0.033 USD/kWh, respectively. Currently, the state-of-
the-art Cu-based catalysts produce a broad mix of products.
The development of more selective catalysts can improve the
profitability. Furthermore, acetic acid is produced in the form
of acetate in alkaline electrolytes, so it requires an additional
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process to generate acetic acid. Thus, a research effort to
. . ... . . 54
produce acetic acid at neutral conditions is desired.

6. CONCLUSION AND OUTLOOK

In this Account, we have summarized our recent contributions
in electrocatalyst development, reactor engineering, operando
characterizations, and research efforts for practical CO,
electrolysis systems. Although recent advancements in reactor
designs (i.e., vapor-fed electrolyzers) pushed current densities
toward industry-applicable levels, technical challenges still need
to be addressed before commercialization. Costs associated
with an electrolyzer contribute the most to the eCO,R
products costs, so improving the electrolyzer performance
(50% EE, >80% FE, and 1000 mA cm™) remains the most
pressing challenge.”” Furthermore, strategies to achieve a
higher CO, conversion and mitigate the bi/carbonate
formation is needed. For instance, a high CO, conversion
(up to 85%) was demonstrated using acidic electrolytes and
various membranes (i.e., cation exchange and bipolar
membranes),'”*>°® though the selectivity and cell potential
were worsened. Tandem electrolysis is also promising,
employing a low temperature or solid oxide CO, electrolyzer
to produce CO in the first step, followed by a sequential
reduction of CO to C,, products.zg’90 This strategy allows for a
more effective C,, product production with a reduced/
eliminated bicarbonate/carbonate formation.

Other strategies, such as coupling CO,/CO electroreduction
with other processes or reactants, can potentially enable the
production of more valuable chemicals and expand the
application of eCO,R and eCOR.® For instance, butanol and
hexanol can be produced via an electrocatalytic-biological
hybrid process, in which CO, is electrochemically converted to
synthesis gas (i.e, CO and H,) followed by biological
conversion using bacteria (i.e., Clostridium autoethanogenum
and Clostridium kluyveri).”" Electrochemically produced syn-
thesis gas can also be upgraded to synthetic fuels using the
thermocatalytic Fischer—Tropsch process.”” As we have
demonstrated with the production of amides via the
coelectrolysis of CO and amines, new chemicals beyond C,
and C, products can also be produced through a
coelectrolysis.”> The coelectrolysis of CO,/CO with other
reactants remains largely unexplored, and it offers new
opportunities for eCO,R and eCOR.
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