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SUMMARY

In electrochemical CO, reduction (CO,R) into chemicals and fuels, it
is a long-standing challenge to suppress the competing hydrogen
evolution reaction (HER) and steer selectivity to a single valuable
product. Ethylene is a desired model molecule in light of its large
market size, range of applications from polymers to sustainable
aviation fuel, and large present-day carbon intensity. The reaction
pathways and reactivity of CO,R rely on catalyst surface properties
and local reaction environments. Here we review the mechanistic
understanding of COR to ethylene; we then discuss catalyst design
strategies in light of the link between catalyst structure, reaction
pathways, and ethylene production performance. We close with
challenges in catalyst design and provide an outlook for further
research directions to accelerate the rational design of catalysts.

INTRODUCTION

Ethylene is produced today at a rate of 150 million metric tons/year, the top hydro-
carbon chemical produced worldwide. It goes to plastics, including polyethylene
(whichinturn is produced at a rate of 116 million metric tons per year), polyvinyl chlo-
ride (38 million metric tons per year), and polystyrene (25 million metric tons per
year).! Ethylene is manufactured through steam cracking of naphtha derived from
crude oil, and from ethane cracking.”®

Electrochemical CO; reduction (CO2R) into chemical feedstocks provides an
approach to transform waste CO, emissions into valuable products.®> When the re-
action is powered using renewable electricity, these products can potentially be
manufactured with a net-negative (cradle-to-gate) carbon intensity.®”

The electrochemical synthesis of ethylene via CO,R relies on controlling surface
properties and local catalyst environments to promote C-C bond coupling and steer
the reaction pathway to ethylene while suppressing HER.®'" Therefore, one of the
primary challenges of electrochemical ethylene production is developing catalysts
capable of simultaneously achieving high Faradic efficiency (FE), energy efficiency,
conversion rates, and operational durability.

This Perspective focuses on catalyst design for electrochemical COR to ethylene,
particularly copper-based catalysts. We begin with the current understanding of
the reaction mechanisms of CO;R to ethylene. Then we summarize and discuss cata-
lyst design strategies for promoting CO3R to ethylene (Figure 1). We aim to establish
relationships between catalyst structure and performance, utilizing current mecha-
nistic explanations to support catalyst design and engineering. Building on this un-
derstanding, we conclude with new directions that could further enhance catalyst
design principles for CO;R to ethylene.

PROGRESS AND POTENTIAL

Electrochemical CO, reduction
(CO2R) offers a route to ethylene
electrosynthesis. Developing
efficient catalysts with high
activity, selectivity, and stability is
crucial to advance this
technology. Numerous catalyst
design strategies have been
proposed to enhance CO,R to
ethylene, including engineering
the size, crystal facets,
morphology, and composition
and tuning the local reaction
environment. The rapid
development of operando
characterization and computation
have deepened insight into
reaction pathways. These new
methods assist in the rational
forward design of catalysts,
reducing the need for trial-and-
error approaches. The recent
emergence of machine learning
and high-throughput
experimentation techniques
promises to further accelerate
catalyst design and discovery.
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Figure 1. Catalyst design strategies for electrochemical CO, reduction to ethylene

Schematic of a closed carbon through electrochemical CO, reduction powered by renewably sourced electricity. Operando characterization and
theoretical calculations techniques accelerate catalyst discovery and design. The catalyst design strategies encompass two dimensions: the first
regulating the self-structure of copper catalysts, including size, crystal facets morphology, and surface engineering, while the second focuses on

modifying copper-based catalysts through approaches such as alloying, tandem design, and molecular tuning.

PAST

The foundations of electrochemical COR relies on multiple proton-coupled elec-
tron transfer reactions and numerous potential intermediates/products. CO3R to
ethylene necessitates a 12-electron transfer with proton coupling, which involves
multiple possible intermediates, including *CO, *COCHO, *CHCOH, *OCHCH*O,
and CH,CH*O."*"? The formation and reaction pathways of these intermediates
are influenced by catalyst structure and local reaction environments; therefore, it
is crucial to investigate mechanisms and pathways to design next-generation
catalysts.

Despite the high complexity of CO, reduction mechanisms, most proposed path-
ways include CO, initially electrochemically reduced to CO*, a key intermediate
for producing ethylene and other multicarbon (C,,) alcohols and oxygenates.'* ">
The subsequent elementary steps and intermediates have been the primary focus
of catalyst design. These specific steps determine selectivity toward ethylene or
other C,, alcohols and oxygenates. Summarily, the pathway of CO3R to ethylene
production can be categorized into three processes: CO, adsorption/activation,
*CO intermediate formation, and C-C coupling steps (Figure 2).

The adsorption and activation of CO; are essential to the reduction process, since

facilitating this process suppresses competing HER. There are two primary CO,
adsorption states. One involves the formation of linear molecules through physical
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Figure 2. The possible pathways for electrochemical CO, reduction to ethylene

Ethylene production from CO; electroreduction via different C-C coupling routes, including *CO direct dimerization, *CO and *CHO coupling, *CHO

direct dimerization, and subsequent reaction pathways highlighted in color.

Figure adapted with permission from Qu et al.,” Springer Nature, copyright 2023; Nam et al.,"" Springer Nature, copyright 2020.

adsorption, while the other involves generating a charged CO,"~ intermediate
through chemical adsorption. This CO,®~ intermediate forms by binding with the
C atom on the catalyst when only electrons are involved in the activation process.
However, when protons and electrons are involved in the CO; adsorption/activation
process, a *COOH intermediate is formed, also with a C atom as the binding site,
through a proton-coupled electron transfer (PCET) process. This is followed by the
removal of the hydroxyl group and the formation of *CO, which can then be further
converted into various products, including C1 products (such as CO, CH,4, and
CH30H) and C;. products (C;H4, CoHsOH, CH3COOH, and C3H;0H). In contrast,
a *OCOH intermediate is formed when the O atom, instead of the C atom, binds
on the catalyst, which is subsequently converted into formate.

The *CO intermediates greatly influence product selectivity. A low *CO adsorption
energy on the catalyst surface (e.g., Au, Ag) typically results in the direct desorption of
*CO and yields CO(g). A moderate *CO adsorption energy on the catalyst surface
(e.g., Cu) leads to C-C coupling, facilitating the formation of ethylene and other Cy., prod-
ucts. Tuning the *CO coverage on the catalyst surface is an effective strategy to suppress
HER and optimize the energy barriers of C-C coupling, thereby improving the CO,-to-C5..
performance.’®!” It is worth noting that as *CO coverage increases, it diminishes the af-
finity of C atoms for the Cu surface. This reduced affinity promotes the formation of oxy-
genates, particularly acetate, rather than ethylene.'®'? Therefore, optimizing *CO
coverage on the catalyst surface is a general strategy for maximizing ethylene selectivity.
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Last, three C-C coupling routes are proposed (Figure 2). The first route involves the
direct dimerization of adsorbed *CO intermediates, forming *CO*CO?° and conse-
quently *CO*COH on Cu (100).”" The OH group in *CO*COH intermediate disrupts
the charge distribution balance inherent in the symmetrical structure of the *CO*CO
intermediate. This disruption can lead to the formation of two intermediates,
*CH*COH or CH,CH*O, depending on their interactions with protons and electrons.
It has been proposed that *CH*COH is the crucial intermediate responsible for pro-
ducing both ethylene and ethanol.?? The *CCH intermediate is formed through the
removal of the OH group from *CH*COH species, which is subsequently hydroge-
nated to yield ethylene. When *CHCHOH is generated by hydrogenating CH*COH,
it can also be hydrogenated to produce ethanol. Alternatively, the hydrogenolysis of
the CH,CH*O intermediate leads to ethylene production, while the hydrogenation
of the CH,CH*O intermediate results in ethanol production. The second route in-
volves coupling *CO and *CHO to generate *COCHO, which then hydrogenates
to *OCHCH*O and CH,CH*O, eventually yielding ethylene.?*** The third proposed
route involves the dimerization of *CHO intermediates to generate the *OCHCH*O,
which subsequently forms the CH,CH*O intermediate through H,O removal via a
PCET process and yields ethylene.””

The most efficient catalysts for ethylene production through CO2R are Cu-based
electrocatalysts. Cu stands as the sole heterogeneous catalyst that has the capacity
to produce multicarbon products. Numerous factors influence CO2R activity and
selectivity, encompassing catalyst surface structure, morphology, and composition;
and likewise, many strategies have been proposed to steer CO4R product selectivity
toward ethylene, focusing on engineering the size, crystal facet, morphology, and
structure of Cu-based electrocatalysts.

The size effect of Cu-based electrocatalysts has been studied extensively.” Down-
sizing Cu nanoparticles increases the surface curvature and decreases the average
coordination number of surface atoms. With the decrease of particle size (<5 nm),
there is an increase in the activity and selectivity of H, and CO production, accom-
panied by a decrease in selectivity toward hydrocarbons, which are associated
with a higher number of low coordination sites. In contrast, oversized catalysts
have fewer exposed surface atoms and edge active sites, resulting in lower catalytic
activity.

Early research findings suggest that the selectivity of C,., products in catalysts is
significantly influenced by the specific facet of Cu, with each facet favoring different
product generations.”’” For example, Cu (100) was found to be conductive to
ethylene production, while Cu (111) was more inclined to produce C; products.
Cu (110) was proposed to favor the formation of C,HsOH and acetate.”® Experi-
ments and theoretical calculations have demonstrated that Cu (100) has a lower en-
ergy barrier for *CO dimerization compared with Cu (110) and Cu (111)?”; however,
Cu (111) is the most stable facet of crystalline Cu. Thus, exposing and stabilizing
more Cu (100) is highly desirable but challenging in practice.

Additionally, it has been reported that the surface energy of Cu (100) significantly
decreases as the coverage of adsorbed species (including *CO, *COCHO,
*COOH, etc.) increases during CO,RR, while the surface energy of Cu (100) remains
relatively stable when the coverage of *H species increases during HER. The ad-
sorbed reaction intermediates on the Cu surface serve as capping agents that pro-
mote the generation of Cu (100). The presence of adsorbed species does not have a
notable impact on the surface energy of Cu (111) in either the context of HER or
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CO,R.*° Consequently, this finding provides a promising approach to induce the
reconstruction of polycrystalline Cu surfaces into Cu (100) under CO;R operational
conditions.

Regulating the morphology of catalysts can tune the adsorption energy of interme-
diates and modify the local reaction environment, thereby steering the selectivity of
CO4R products. Some catalyst morphologies of note include nanocubes, nanowires,
nanocages, core-shell structures, nanofoams, and nanoarrays. For instance, Cu
nanowires with abundant step surfaces have shown outstanding ethylene selectivity,
attributed to the lower *CO adsorption energy on adjacent active sites of the step
surfaces compared with that of Cu (100), thereby lowering C-C coupling energy bar-
riers.”’ Cu nanoarrays have exhibited impressive performance and selectivity for
ethylene production, mainly due to the induced tip effect and the altered local pH
on the catalyst’s surface. Cu nanowire arrays have been fabricated by electrochem-
ical reduction of CuO nanowire arrays on Cu foil.*> These nanowire arrays exhibit
elongated, densely packed structures that restrict OH™ diffusion at the electrode
surface, resulting in an elevation of the local pH at the electrode-electrolyte inter-
face. This facilitates the formation of ethylene and suppresses the production of
CH,4 and Hos.

The structure of Cu catalysts has also been a topic of intense interest, as improving
the electrochemical active surface area (ECSA) and surface roughness enables local
OH™ formation and further increases local pH at the electrode-electrolyte interface.
These effects can suppress HER and promote C-C coupling to produce ethylene and
other C,, products. Inspired by these observations, numerous efforts have been
made to develop oxide-derived Cu materials to obtain higher ECSA, improve sur-
face roughness, and construct grain boundaries.****

PRESENT

Recent research has shifted attention from solely regulating the self-structure of cop-
per catalysts to modifying both their electronic and geometric configurations and
tuning the local reaction environment. These are achieved by implementing various
catalyst strategies, including alloying, tandem design, and molecular tuning.

Incorporating other guest metals into Cu to form Cu-based catalysts can enhance
COzR to ethylene production, primarily through geometric ensemble effects or elec-
tronic ligand and strain effects.’® Geometric ensemble effects arise from changes in
the atomic arrangement of active sites, altering the interaction between intermedi-
ates and active sites. Beyond merely adjusting the number or configuration of spe-
cific atoms within an ensemble, this modification can also create bifunctional active
sites, where neighboring metals assume distinct catalytic roles. For instance, it has
been proposed that bifunctional active sites conducive to CO,R could be estab-
lished by introducing higher oxygen affinity metals. This would stabilize *COOH
or *CHO intermediates by enabling both carbon and oxygen atoms to interact
with the surface.®® This contrasts with *CO, which usually binds to surfaces in an up-
right orientation primarily by the carbon atom. Another example is that the construc-
tion of isolated active sites could alter the proximity of intermediates, thereby influ-
encing the selectivity.*®

The electronic effect is a result of heteroatom dopants (e.g., Au, Ag, Pd, Al, Zn, Sn)
altering the electronic structure of the host metal (i.e., Cu). These dopants regulate
the binding strength of the intermediate on the catalyst surface, thereby altering the
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kinetics and energetics of COZR. The relationship between intermediate adsorption
and the electronic structure of catalysts can be elucidated through d-band center
theory.®” Hybridization between metal d-bands and intermediate c-orbitals gives
rise to the formation of bonding and anti-bonding d-o molecular orbitals. Shifting
the metal d-band centers closer to the Fermi level elevates the energy level and re-
duces the electron occupancy of anti-bonding d-c¢ molecular orbitals. Conse-
quently, this reinforcement enhances the d-o bond between intermediates and
metal catalysts. For example, the incorporation of Al into Cu to form a Cu-Al alloy
catalyst effectively promotes ethylene production with an ethylene FE of 80% at a
current density of 400 mA cm~2 at —1.5 V vs. RHE.*® This excellent performance
was attributed to the high number of *CO adsorption sites and optimal *CO adsorp-
tion energy compared with those of other metal and bimetallic alloy catalysts. Addi-
tionally, water molecules near the Al atoms efficiently facilitated the conversion of
*HOCCH to *CCH, reducing the energy barriers for ethylene formation and sup-
pressing the production of competing alcohols, resulting in excellent activity and
selectivity toward ethylene.

Constructing tandem catalysts is an effective approach to increase local CO
coverage, which is essential to improving CO,R to ethylene.?” The widely used tan-
dem catalysts for ethylene production consist of Cu and CO-producing guest metals
(e.g., Au, Ag, Zn). The introduction of CO-producing guest metals effectively en-
hances the selective conversion of CO, to CO. This is due to two key factors: first,
it generates a substantial CO coverage on the Cu surface. Second, it shortens the
diffusion distance of CO intermediates, thereby increasing the availability of CO
and improving the local CO concentration. An alternative type of tandem catalyst in-
volves two distinct catalyst layers. One layer converts CO, into CO, while the other
transforms CO into ethylene. The tandem catalyst configuration can improve local
CO coverage, suppress competing HER and facilitate C-C coupling to promote
ethylene production.

Selective production of target products necessitates control at each branching point
in multiple PCET reaction process. This challenge is exacerbated by the linearly
correlated adsorption energies of multiple intermediates, known as the linear
scaling relations.®“? In simpler terms, the adsorption energy of a specific intermedi-
ate cannot be altered without influencing others. For instance, a consequence of
linear scaling relations, designing a catalyst with the optimal *COOH binding would
lead to non-optimal *CO binding, and vice versa. This implies that the binding en-
ergies required for adsorption or activation will inevitably fall short of their optimum
values unless these scaling relations are broken.

Organic molecules or inorganic compound additives, components that are not active
sites but facilitate crucial steps by interacting with the catalyst surface, such as electro-
lytes, water and gas reactants, provide effective approaches to break scaling relations
and enable control over the reaction pathways toward target products, thereby
reducing overpotential and improving product selectivity in CO,R.*" Commonly
used organic molecule additives including pyridine-, imidazole-, and imine-based
small molecules, N-heterocyclic carbenes (NHCs), 4-pyridyl ethyl mercaptan (4-
PEM), N-substituted tetrahydro-bipyridine, ionic liquids, and polymers (e.g., polypyr-
role, polyaniline, polydopamine). These additives can be incorporated into the catalyst
surface through impregnation, chemical modification, and polymerization. Organic
additives have applicable molecular properties, such as the electron density of the
N atom (i.e., Bader charge analysis), electron donating/withdrawing capability (i.e.,
Hammett constant), and geometric constraints (i.e., steric hindrance). For instance,
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the Cu-polyamine hybrid catalyst showed remarkable ethylene FE of 87% + 3%
at —0.47 V. Raman measurements suggest that the presence of polyamine on the
Cu surface leads to higher surface pH, higher CO content, and higher stabilization of
intermediates, significantly promoting ethylene production.*” Coating an N-aryl-
dihydropyridine-based oligomer film on the Cu surface improves the stabilization of
an "“atop-bound” CO intermediate, facilitating ethylene production with an ethylene
FE of 72% and a full-cell energy efficiency of 20% in neutral media.**

PROBLEMS

The production of a single product is a persistent challenge in the field. CO2R is a highly
complicated process involving multiple electron and proton transfer steps, a diverse
array of intermediates, and various reaction pathways. Multiple pathways can lead to
the same product, adding to the complexity of the process. The mechanisms for gener-
ating the same product can also differ significantly in different reaction environments,
such as at high and low overpotentials. Many theory-driven studies have simplified
the complex process of CO;R by relying on a single key elementary step as a descriptor
for the entire reaction pathway. However, these simplifications can reduce prediction ac-
curacy and overlook optimal catalysts. In experimental studies, the design of electroca-
talysts for CO4R to produce specific products like ethylene has often been driven by trial-
and-error rather than systematic and rational design.

Operando/in situ studies of CO,R under operating conditions provide insight into
the real active sites, reaction intermediates, and catalytic environments, which can
provide experimental evidence to advance the understanding of reaction mecha-
nisms and reveal the structure and catalytic properties relationship of catalysts.**~*¢
In situ Raman and infrared (IR) spectroscopies and online electrochemical mass spec-
troscopy can provide real-time insights into product formation as the electrode po-
tential changes. These spectroscopic techniques and computational and ex situ
experimental investigations hold great promise for gaining new mechanistic insights
into the CO2R. In situ Raman and IR spectroscopies provide platforms to detect in-
termediates such as *COOH, *CO, *CHO, and *OCCOH on Cu surfaces (Fig-
ure 3A).%" Additionally, broadband sum-frequency generation (BB-SFG) spectros-
copy is a powerful tool to offer information associated with C—H and C—O bonds
within relevant C,, species.”’ However, the relatively weak binding energy and
faster kinetics of crucial C; intermediates in the post-C-C coupling steps pose chal-
lenges for extracting their information using current operando techniques. This
obstacle hinders the achievement of a complete understanding of the entire reac-
tion mechanism. Therefore, there is a pressing need to develop operando character-
ization techniques with improved time and spatial resolution.

In situ X-ray absorption spectroscopy (XAS) and in situ grazing incidence X-ray
diffraction (GIXRD) can monitor changes in catalysts’ electronic structure and coor-
dination environment. However, the information related to surface Cu is often
obscured by the contributions from the bulk counterparts, potentially resulting in
inaccurate conclusions about the real-time structure of catalysts. In situ electrochem-
ical microscopy allows for visually observing structural variations in catalysts. Howev-
er, this technique necessitates using flat electrodes, and its resolution falls short of
providing atomic-level insights into the catalyst surface.

Numerous studies emphasize current density and product selectivity, but the crucial

aspect of catalyst stability has not received requisite attention. Itis essential to inves-
tigate the degradation mechanism of Cu-based catalysts in CO,R and establish a
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Figure 3. The challenges and opportunities of catalyst design for electrochemical CO, reduction to ethylene

(A) Insight into adsorbed intermediates for understanding of mechanism by in situ infrared spectroscopy. Reproduced with permission.”’ Copyright
2017, Wiley-VCH.

(B) Schematic of degradation mechanisms of copper-based catalysts for electrochemical CO, reduction. Reproduced with permission.*® Copyright
2020, Wiley-VCH.

(C and D) Screening of Cu and Cu-based compounds using computational methods.

(C) A two-dimensional activity volcano plots for CO; reduction.

(D) A two-dimensional selectivity volcano plot for CO, reduction. Reproduced with permission.*® Copyright 2020, Springer Nature.

standardized procedure for assessing the stability of electrocatalysts (Figure 3B).*°
This procedure should consider parameters such as electrolysis time, applied poten-
tial, current density, electrolyte composition, electrode type, and desired product.
Adopting such a method would streamline the benchmarking of catalysts, thereby
enhancing the effectiveness of their evaluation and comparison.

POSSIBILITIES

Itis imperative to comprehensively explore potential reaction mechanisms to lay the
foundation for the rational design of electrocatalysts aiming to produce a specific
product like ethylene. The emergence of automated screening methods that uses
machine learning to guide DFT calculations represents a highly promising strategy
for achieving exhaustive catalyst screening (Figures 3C and 3D).**“? This may signif-
icantly accelerate catalyst discovery, laying the groundwork for informed and sys-
tematic catalyst design efforts. The combination of microkinetic modeling with
DFT calculations can demonstrate the dominant species on the Cu surface, deter-
mine the turnover frequency of the reaction, and assess the selectivity toward
desired products. The sensitivity analysis of individual model parameters, such as
rate constants, equilibrium coefficients, and intermediate binding energies, can
offer information about rate-limiting steps and other descriptors crucial for
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designing more effective Cu catalysts and understanding the pathway toward C,
products. More in-depth studies focusing on the C-C coupling steps and ethylene
pathways are also much needed for catalyst design aimed at producing ethylene.

Additional dedicated efforts are needed to enhance further the temporal and spatial
resolution of operando characterization techniques. For vibrational spectroscopy,
such as Raman or IR, surface enhancement techniques improve resolution, even
enabling single-molecule detection.”® Sum-frequency generation (SFG) and second
harmonic generation (SHG) spectroscopy allow atomic-level resolution to surface
specificity owing to their exclusive activity in environments lacking inversion symme-
try.”! For XAS, using a high-resolution fluorescence spectrometer enables the inte-
gration of fluorescence yield within a narrow range for a given fluorescence line, this
allowing high-energy-resolution fluorescence-detected XAS (HERFD-XAS).>? This
technique improves energy resolution by a factor of 2-5. This refined technique
not only detects subtle features in XAS, such as the pre-edge, but also enables in

situ monitoring of changes in the surface state.”*>*

Today it remains a challenge to distinguish signals related to intermediates on the
substrate vs. in the electrolyte. Achieving clarity in monitoring intermediates re-
quires further advancement in instrument detection capabilities. This includes up-
grading detector sensitivity, optimizing power sources, and incorporating advanced
laser sources.” Exploring faster data acquisition systems, and utilizing advanced
data processing algorithms and software, offer the potential to extract ever more
meaningful information from rapidly acquired data, also enabling enhanced resolu-
tion. Resolution improvement can be achieved by refining electrode substrate
design and employing specialized electrochemical cell designs: these facilitate a
more defined optical path, reducing the influence of electrolyte and electrode sur-
face on the signals.

The challenge of distinguishing minority and bystander species within intermediates
poses an opportunity of great interest and importance. Operando spectroscopy
techniques are often limited by ensemble averaging, making them primarily sensi-
tive to majority species within a sample. This limitation suggests a role for inte-
grating machine learning methodologies®” to distinguish subtle patterns and rela-
tionships within complex datasets. It has the potential to enable a more nuanced
analysis of heterogeneous systems, facilitating the identification and characteriza-
tion of minority species often overshadowed in ensemble averages. Acquiring pre-
cise, real-time structural information during CO2R will contribute to deepened un-
derstanding of CO3R reaction mechanisms and pathways, enabling catalyst design
for targeted products.

Electrochemical systems to ethylene will continue to strive for higher energy efficiency,
single-pass conversion, and operating stability. Systems to date have reached ethylene
energy efficiency over 20% at industrially relevant current densities over 200 mA/cm?.
Achieving this energy efficiency in high single-pass conversion systems requires further
progress. Looking at stability, catalysts today have shown operating lifespans of approx-
imately a few hundred hours, while stability over 10,000 h is required for commercial ap-
plications. Studies of degradation mechanism of Cu-based catalysts in CO,R will be
crucial to progress in durability-science-driven advances.

Standard procedures and data acquisition to assess the activity and selectivity of COzR
catalysts have been proposed, yet further efforts are needed.”® Conducting long-term
stability tests under real operational conditions for over 10,000 h is not a feasible or
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realistic option for most academic labs. Accelerated degradation tests and procedures
for stability assessment should be established to serve as benchmarks for catalyst stabil-
ity. These benchmarks should be based on a fundamental understanding of catalyst
degradation and reconstruction mechanisms*® and consider parameters such as elec-
trolysis time, applied potential, current density, electrolyte composition, electrode
type, and desired product. This understanding should integrate real-time data obtained
under operation conditions by in situ characterizations that observe local morphological,
structural, and compositional changes of catalysts. Furthermore, theoretical calculations
and computational simulations should have a mechanistic approach. This approach will
advance the fundamental understanding of catalyst degradation and reconstruction
mechanisms, improving catalyst stability through rational design to mitigate degrada-
tion and reconstruction during CO4R.

The present-day viability of CO,R technology is also limited by the off-target pro-
duction of (bi)carbonate, formed when CO, reacts with OH™ in electrolytes. The sin-
gle-pass conversion (SPC) of CO; is limited to 25% for CO,R to e‘chylene.57 CO,
regeneration and separation from carbonate solutions or from cathodic and anodic
streams has a severe energy penalty. A promising approach to mitigating carbonate
formation and reducing CO, crossover involves substituting commonly used alkaline
and neutral electrolytes with acidic ones (Figure 4A). However, kinetically favored
HER typically outcompetes CO,R in acidic media, resulting in poor CO,R selectivity,
particularly in the production of C,, products.®*” Despite some progress made in
CO3R to ethylene in acidic media, including regulating the structure of catalysts and
tuning the local reaction environment, more efforts should be devoted to devel-
oping catalysts and systems to suppress HER and steer selectivity to ethylene.

Another possible avenue of research that has been proposed is a cascade system
(Figure 4B) that converts CO, to CO and then to ethylene, driven by the rapid ad-
vancements in solid-oxide electrolysis cell (SOEC) technology for efficient CO, con-
version to CO.%%*" This cascade system benefits from low energy cost and high SPC
in both steps because CO does not react with OH™, thus avoiding the issues associ-
ated with carbonate formation. The technical challenges for the cascade step are to
improve stability while maintaining the highest energy efficiency and productivity in
the SOEC step and to achieve a highly efficient, selective, and stable CO-to-ethylene
production process. Given that CO electroreduction (COR) shares similar mecha-
nisms with CO,R, most catalyst design strategies for CO,R can be extended to
COR. Certainly, there are still more differences between CO,R and COR, such as
local CO coverage and the adsorption behaviors of intermediates. These distinc-
tions emphasize the need for further research of novel catalysts specifically designed
for COR to ethylene conversion.

Catalysts for CO4R from CO; capture solution is also an area with potential growth. Elec-
trochemically converting CO, capture solutions circumvents the traditional costly step of
generating high-purity CO, from CO, capture solutions. Thus, it holds great promise in
reducing capital costs and improving overall ethylene production process efficiency.
Direct (bi)carbonate reduction and amine-CO, adduct upgrading are two approaches
for COR from a capture solution (Figure 4C).6%% The challenge for (bi)carbonate reduc-
tion lies in achieving sufficient CO, concentration on the catalyst surface and facilitating
CO; adsorption and activation at a low local CO, concentration while suppressing HER.
Moreover, the development of COR from amine-based capture solutions requires cata-
lyst design to break the N-C bond of the amine-CO, adduct and steer selectivity toward
desired products. Systems should also be optimized to facilitate the mass transport of
amine-CO, adducts to the catalyst surface.
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Figure 4. The perspective and challenges of catalyst design for recent technologies in electrochemical CO, reduction to ethylene
(A) Schematic illustration of COR in an acidic electrolyte.
(B) Schematic illustration of cascade CO,R-COR system. CO; reduction to CO in a solid-oxide electrolysis cell (SOEC) and CO reduction to ethylene in a
membrane electrode assembly (MEA) electrolyzer.
(C) Schematic illustration of COR from capture solution. In (bi)carbonate solutions, the protons in solution react with (bi)carbonate to in situ generate

CO, at the catalyst surface to initiate CO,R. In amine-based solutions, the amine-CO, adduct (R*-CO,") is directly reduced at the catalyst surface.
Figure adapted with permission from Ozden et al.,”” Springer Nature, copyright 2022.
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In conclusion, electrochemical CO,R provides a promising and sustainable route for
the electrosynthesis of ethylene and decarbonization of the petrochemical industry.
To advance the commercial applications of CO,R to ethylene technology, itis crucial
to attain commercially relevant performance metrics across all aspects, encompass-
ing cell voltage, current density, FE, energy efficiency, stability, and SPC. Achieving
these metrics requires a holistic approach involving catalyst design, fundamental un-
derstanding, reactor engineering, and system optimization.
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