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Ethylene Electrosynthesis via Selective CO, Reduction:
Fundamental Considerations, Strategies, and Challenges

Thomas O’ Carroll, Xiaoxuan Yang, Kenneth J. Gordon, Ling Fei,* and Gang Wu*

The electrochemical carbon dioxide reduction reaction (CO,RR) is a promising
approach for reducing atmospheric carbon dioxide (CO,) emissions, allowing
harmful CO, to be converted into more valuable carbon-based products. On
one hand, single carbon (C;) products have been obtained with high efficiency
and show great promise for industrial CO, capture. However, multi-carbon
(C,.,) products possess high market value and have demonstrated significant
promise as potential products for CO,RR. Due to CO,RR’s multiple pathways
with similar equilibrium potentials, the extended reaction mechanisms
necessary to form C,, products continue to reduce the overall selectivity of
CO,-to-C,, electroconversion. Meanwhile, CO,RR as a whole faces many
challenges relating to system optimization, owing to an intolerance for low
surface pH, systemic stability and utilization issues, and a competing side
reaction in the form of the H, evolution reaction (HER). Ethylene (C,H,)
remains incredibly valuable within the chemical industry; however, the current
established method for producing ethylene (steam cracking) contributes to
the emission of CO, into the atmosphere. Thus, strategies to significantly
increase the efficiency of this technology are essential. This review will
discuss the vital factors influencing CO,RR in forming C,H, products and

contained. Naturally, much of this
responsibility falls to scientists and en-
gineers to develop novel strategies that
preserve modern conveniences and pro-
vide an optimistic future for the world. In
terms of the carbon dioxide reduction re-
action (CO,RR), reducing the CO, in the
environment is crucial in and of itself,
but it is also critical that products of high
value are generated to entice industry
members to use this technology.>*l To
this end, the production of multi-carbon
(C,,) products via CO,RR has become
a promising approach to meet the chal-
lenges presented by climate change.l>”]
C,. products like ethylene (C,H,) and
ethanol (C,H;OH) boast numerous
well-established applications and a high
energy density, which drives up their
market value in comparison to single
carbon (C,) products like carbon monox-
ide (CO) and formic acid (HCOOH).38!

summarize the recent advancements in ethylene electrosynthesis.

1. Introduction

The effect of widespread carbon dioxide (CO,) emissions has
been extensively studied by researchers worldwide, who have
nearly all agreed that the excessive use of fossil fuels has had a
direct impact on the environment and climate.[*?] While signif-
icant progress has been made, there is still a daunting amount
of research, work, and adaptation to be done if this crisis is to be
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Currently, many high-performance
catalysts are effective for producing
C, products;® 1 if C,,-selective cat-
alysts could achieve similarly high
benchmarks, then CO,RR-to-C,, would undoubtedly be more de-
sirable due to the quality of the products./'213]

This review will focus primarily on ethylene as a target prod-
uct for a variety of reasons. Among C,, products, ethylene (i)
possesses a more established use for industrial applications,[**]
(ii) is the C,, product formed in the highest quantity on most
copper (Cu) catalysts,['>1%] and (iii) benefits from less costly and
higher efficiency downstream separation processes compared
other C,, products like ethanol, n-propanol, and acetate.!”:1]
These aspects currently distinguish ethylene-selective electro-
catalysts as an appropriate option for future industrial applica-
tion of CO,RR toward forming C,, products. Despite Cu being
the only effective element for reliably producing high quanti-
ties of C,, products, a staggering amount of novel strategies and
catalyst designs have been created for realizing high-efficiency
ethylene production.['>?°] Throughout the rest of this report, we
will review proposed industrial requirements for electrochemi-
cal CO,RR toward ethylene and discuss how the performance of
state-of-the-art electrocatalysts compares to these requirements.
Subsequently, the fundamental considerations critical to under-
standing CO,RR, specifically ethylene selective CO,RR, will be
covered. Additionally, the equipment used for conducting CO,RR
will be reviewed, and the efficacy of the reactors, protocols,
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Figure 1. a) Graphical depiction of the theoretical equilibrium potentials for processes relevant to CO,RR. b) Top: adsorption energy comparison between
*CO and *H across metals used for CO,RR. Bottom: reformatted periodic table highlighting metals used for CO,RR, coloring each based on their

dominant product. Reproduced with permission.[*%) Copyright 2017, Wiley.

membranes, electrolytes, and diffusion layers will be evaluated.
Following this discussion, we will analyze the logistical impor-
tance of ethylene within a global economy and compare its fi-
nancial incentives with other CO,RR products before identifying
area where CO,-to-C,H, catalysts need to improve for industrial
viability. Finally, promising strategies related to catalyst and reac-
tor design developed by researchers will be summarized before
discussing CO,RR’s grand challenges. The aim of this review is
to provide readers with an up-to-date, holistic understanding of
ethylene electrosynthesis via CO,RR by discussing each factor
within the process, ranging from the minutia of catalyst design
to industrial implementation. A comprehensive literature review
has been conducted on each of these factors, which have been
dissected and assessed accordingly. Particularly, we wish to illus-
trate how the catalyst perspective and system perspective interact
with each other to realize high-efficiency ethylene synthesis.

2. Fundamental Considerations for CO,RR: A
Catalyst Perspective

The primary concerns for reaction are the mass transfer behav-
ior of the reacting species to and from the active sites, and the
kinetic and thermodynamic energy barriers. CO,RR is a multi-
pathway reaction with many different steps and intermediates,
drastically complicating the steering of the reaction toward more
desired products (Figure 1a).['*2-2] Tuning the selectivity is the
primary challenge for CO,RR from a reaction engineering per-
spective; the sheer volume of pathways that share a very nar-
row potential window causes serious issues that are not as pro-
nounced in many other catalytic systems.[?’! The key issue that
makes CO,RR-to-C,, so much more complicated than CO,RR-
to-C, is that the catalyst must satisfy the need to form both C,
intermediates and combine them in the C-C coupling step. The
precise mechanism of how this combination occurs is not easily
determined, as it varies significantly from catalyst to catalyst, es-
pecially concerning which C, intermediates are combined in the
most thermodynamically favorable way.['>?728] Fundamentally,
however, CO,-to-C,H, conversion should be understood in this
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context, which is to say that CO, is adsorbed, reduced, coupled,
and desorbed as a C,, product. Naturally, complications arise
when considering how the adsorption and the surface/reactant
interactions affect the intermediates formed and, ultimately, the
products obtained.*”) A fundamental challenge with reactions
similar to CO,RR lies in breaking the so-called linear-scaling re-
lationship, which describes how catalysts bind intermediates of
different adsorption energies.?3!l In principle, the binding en-
ergy of the surface affects all intermediates within the reaction,
which is incredibly challenging for CO,RR due to the multitude
of species on the surface.3233 The underlying mechanism tak-
ing place that causes this behavior is related to the similarity be-
tween the intermediates. In principle, each of the intermediates
within the CO,-to-C,H, reaction pathway are chemically simi-
lar, since each contains the same subset of atoms. The material
in the catalyst has an affinity for each of these atoms, and while
the strength may vary slightly depending on the specific interme-
diate, overall this variation has little impact on the behavior.?!
In fact, this phenomenon can be extended to atoms of different
types, since the characteristics of a material that cause high ad-
sorption strength for C in *CO are the same characteristics that
cause high adsorption of undesirable species like *H.[3234] For ex-
ample, for particularly strongly adsorbing transition metals like
Fe, CO,RR is highly inefficient due to the adsorption of both car-
bonaceous intermediates and protons.[**] On the other hand, Ni
functions very well as a catalyst for producing CO due to its weak
adsorption for all *C, species and protons, allowing the reactant
to easily desorb before it is excessively reduced to methanol or
methane.[®!] Driving high selectivity for certain products can be
incredibly challenging since adsorption strength plays a crucial
role in the selectivity of the process for each step. Significant ef-
fort has been devoted to breaking the linear scaling relationship
for many electrochemical reactions, like the oxygen evolution re-
action (OER),353¢] oxygen reduction reaction (ORR),*’! or elec-
trochemical NH; synthesis, producing promising results.[33839]
The next generation of high-performance CO,RR catalysts must
find new ways to alter the adsorption characteristics of the cat-
alyst to control the selectivity as much as possible. Currently,
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techno-economic analyses (TEAs) suggest an industrial goal for
ethylene selectivity of ~90% Faradaic efficiency (FE), which has
yet to be achieved.!®**0 Top-performing catalysts have shown
ethylene FEs within ~5% of this goal.[*142]

The first impediment a CO,RR catalyst faces is the activation
of *CO,, which is a stable molecule owing to its lack of an ob-
vious axis for reaction yet does not limit the formation of C,
products despite requiring significant overpotential.[?>#3! Follow-
ing the protonation and reduction of *CO,, *CO is formed in a
rather direct, relatively easily controlled process. This behavior
depends on the configuration of the *CO, ", since it can either
be adsorbed by the C or the O atoms, with the former leading
to *CO and the latter leading to HCOOH.[*+*] Therefore, prod-
ucts like CO and HCOOH can be obtained with very high FEs,
requiring a 2-electron transfer reaction pathway and lower en-
ergy requirement. Thus, catalysts with relatively low adsorption
strength for *C, intermediates can be used to their fullest poten-
tial at low voltage.l*’] In this way, products quickly desorb from
the catalyst’s surface, hydrogen evolution reaction (HER) side re-
action can be inhibited effectively by maintaining low overpoten-
tial, and intermediate interactions are very limited, preventing
C,, formation. These conditions can lead to high FEs of >95% for
lightly reduced C, products, making them the most appropriate
catalysts for CO, electroconversion.l*7*8] In essence, CO-selective
catalyst design benefits from a low concern for selectivity, aside
from preventing the formation of H, via HER.[12#]

On the other hand, if these 2-electron products are still ad-
sorbed to the surface, additional reactions that lead to highly
reduced C, and C,, products may occur. When examining the
formation of C,, pathways, the reaction mechanisms may di-
verge significantly at this point because some catalysts may pref-
erentially form further reduced *C, intermediates before the C-C
coupling step, such as *CHO, *COH, or *CH,.l?251] Meanwhile,
other catalysts may quickly combine *CO to form *OCCO. It has
been suggested that the initial *C, intermediate may impact the
overall reaction pathway when forming C,, products.[*>? Con-
trolling the precise *C, intermediates formed is difficult and only
observable experimentally through advanced in situ characteri-
zation techniques. For this reason, most catalysts will produce
multiple types of *C, intermediates at a time since there usually
is not a favorable pathway.’) However, *CO is nearly always con-
sidered the dominant *C,; intermediate due to thermodynamic
barriers toward forming *CHO or *COH.[??] In some instances,
it has been found that the formation of hydrogenated *C, inter-
mediates can limit the reaction, particularly when comparing the
formation of *CHO versus *COH.[33%*] Even still, the formation
of more heavily reduced *C, intermediates like *CH, is exceed-
ingly rare on C,, selective catalysts, since this behavior implies
that the catalyst may not have sufficient intermediate mobility or
*C, concentration, thereby hampering the C-C coupling rate.

Once these slightly reduced *C, intermediates begin to form,
the selectivity of the catalyst becomes much more difficult to
control for many reasons. These intermediates will lead to ei-
ther heavily reduced *C,; products like methane or methanol or
combine to form C,, products, mainly depending on the in-
termediate coverage, mobility, and overpotential.[?2%-57] Nearly
all products that require repeated reduction steps struggle with
substantial selectivity problems. To illustrate this phenomenon,
CO,RR to CH, is an 8-electron transfer reaction pathway,
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which requires a high concentration of protons at the cata-
lyst/electrolyte interface, higher overpotentials, and stronger ad-
sorption strength.[8-%1] This is necessary for all highly reduced
products, including every C,,, which is the root cause of the se-
lectivity problem for CO,RR.>3] These conditions reduce the se-
lectivity for specific CO,RR products by (i) decreasing the amount
of thermodynamically prohibitive pathways, (ii) reducing the se-
lectivity of CO,RR itself in favor of HER, and (iii) placing higher
stress on the catalyst’s (and the system components’) durability.

The second concern after the initial adsorption and activa-
tion of CO, molecules is the C-C coupling step, which involves
the interaction of two *C,; intermediates to form a *C, inter-
mediate. This step is nearly always the limiting step for the
CO,RR process due to a high energy barrier for the reaction it-
self and the need for sufficient surface CO, concentration and
*C, coverage,[?*62] not to mention guiding the process toward
a specific C,, product.””) An increased surface concentration of
*C, intermediates increases the chances of interaction between
them,!>] which suggests that a low desorption rate of these C,
intermediates is desirable. There are multiple methods for in-
creasing the surface concentration of *C, intermediates like *CO,
such as the inclusion of ligands, polymers, and other species to
help entrap the *CO.[1663-66] On top of that, low *C, concentra-
tion at the surface can promote HER side reaction, reducing the
overall selectivity of the catalyst for CO,RR in general.[216768] Re-
grettably, the matter is not simply solved by using a catalyst with
very high adsorption for *C, intermediates due to the need for
these intermediates to be able to freely move around the surface
of the catalyst. Thus, high adsorption strength will ultimately re-
sult in reduced C-C coupling rate due to infrequent *C, interac-
tion, thereby promoting the formation of highly reduced C, prod-
ucts. It has been suggested that one of the best ways for C-C cou-
pling to be encouraged is by incorporating adsorption strength
gradients on the surface of the catalyst, further emphasizing
the importance of a well-controlled reaction interface. These ad-
sorption strength gradients can be present due to the formation
of different surface morphologies, such as roughness,!®7°! de-
fects and vacancies,[*! differing crystallographic domains, /271!
nanostructuring,[’>”7°! or surface modifications through the us-
age of dopants.['>#15*76] The underlying principle behind this
phenomena lies in the formation of an axis that encourages the
movement and interaction of *C, species at the surface, thus en-
hancing the rate of *C, formation.!?”42]

In all, the adsorption properties of the catalyst surface needs
to be neither too strong nor too weak to best encourage the for-
mation of C,,; copper (Cu) happens to possess an adsorption
strength for these intermediates that is appropriate for this ap-
plication, which is why it is by far the most effective active ma-
terial for CO,RR toward C,, (Figure 1b).>°%77] In this way, a di-
verse set of possible adsorbed intermediate configurations can
be present on the surface of Cu, which directly impacts the se-
lectivity of the overall reaction. Based on operando Raman spec-
troscopy information obtained on Cu (100), it has been observed
that the ratio of two *CO-related peaks can describe the amount
and quality of adsorbed CO species on the surface of the cata-
lyst (Figure 2a).>>) When the ratio between the peak intensity
of the CO rotation band and the Cu-CO stretching band was
maximized, ethylene formation was increased. According to ac-
companying density-functional theory (DFT) calculations, the
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Figure 2. a) Left: presentation of the Raman spectroscopy peaks associated with *CO (P1and P2) observed in an in situ Raman spectroscopy experiment
on a Cu-based catalyst. Right: intensity ratio of P2:P1 for the Cu-based catalyst at different potentials. Reproduced with permission.[*>>] Copyright 2021,
American Chemical Society. b) Free-energy diagram for the progression of CORR at pH = 12, with the CO-CO pathway being dominant. Reproduced
with permission.[78] Copyright 2016, American Chemical Society. c) In situ Raman spectroscopy data elucidating the intermediates formed during CORR
at different potentials. Left: peaks associated with CO stretching (1677 cm~T), OH bending (1600 cm™'), and C-OH stretching (1191 cm™"). Middle:
evaluation under *CO atmosphere, showing a C-OH stretching band at 1145 cm~. Right: formation of an unknown peak at 1584 cm~! which was
assigned to OCCOH stretching. Reproduced with permission.[”?] Copyright 2017, Wiley.

underlying cause of this behavior is an increase in the quantity of
*CO™P compared to *COP"d8¢, resulting in more easily coupled
*C, intermediate species. Such behavior is only possible under
optimal adsorption conditions, promoting the usage of Cu over
other materials for C,, formation.

Researchers conducting DFT studies and in situ observa-
tional techniques have proposed numerous reaction pathways.
As an example, *CHO may often form the *CHOH intermedi-
ate, which prefers to form heavily reduced C; products rather
than C,, (Figure 2b).”®) However, most researchers agree that
the reaction pathway toward ethylene on a generic Cu (100) sur-
face proceeds via the formation *OCCOH, whether it originates
from the dimerization of *CO or the combination of *CO and
*COH. Experimentally, in situ Raman spectroscopy data was ob-
tained for the carbon monoxide reduction reaction (CORR) over
Cu (100), which showed stretching bands associated with *COH
and *OCCOH at very low overpotentials (Figure 2c).l” In agree-
ment with many computational models developed for CO,RR
and CORR, *CHO was not observed within this experiment, as
*CHO is generally considered to have a higher thermodynamic
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energy requirement when compared to the formation of *COH.
In contrast, a recent study by Li et al. demonstrates a method
for enabling customizable C,, selectivity based on the *O inter-
action strength at the surface of the catalyst.®) The researchers
posit that the late-stage 11-electron-transferred C,, intermediate
*CH,CHO shows control over the ratio of ethylene to ethanol
if the O atom can be anchored or repelled from the surface. By
doping a Cu-based catalyst with different species, they uncov-
ered a volcano-plot distribution when comparing the ethylene
to ethanol ratio with the *O adsorption strength of the doping
species.[®] While the formation of a CHO structure (whether in
the form of *CHO or *CH,CHO) is not typically considered to be
thermodynamically favorable, it could be that atoms with high O
affinity anchor the O atom in *CO at the surface.l®!] Convention-
ally, *CO is thought to interact with the surface only by the C
atom, but if instead the *CO is adsorbed flat on the surface, per-
haps this alternate mechanism is promoted.®’) Other research
has echoed this sentiment, suggesting that depending on the
catalyst, the formation of *CHO is not as unfavorable as many
believe.[81-84]
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Figure 3. a) Possible CO,RR mechanism relying on early pathway bifurcation between ethylene and ethanol. b) Possible CORR mechanism relying on
later-stage bifurcation routes between ethylene and ethanol. Green, Yellow, and Red arrows indicate the plausibility of the particular reaction pathway.

Still, under high pH and middling potential application, *CO
dimerization remains the most commonly accepted coupling
mechanism before further protonation to *OCCOH. In either
case, it’s typically thought that *CCO or *HOCCOH is formed
following *OCCOH,7>#>86] which is then further protonated and
ultimately leads to either ethylene or ethanol.?!l After success-
fully coupling the *C, intermediates, the reaction must still be
appropriately steered to form the correct species to produce the
desired C,, product. Ethylene and ethanol have similar path-
ways and represent the two C,, products that are formed in
the highest quantities for almost every catalyst. For most sur-
faces, ethylene is more easily formed in relation to ethanol,
but discussing what aspects enhance ethylene over ethanol be-
comes much more complicated and cannot be generalized for all
catalysts.[>172287.88] Multiple pathways have been proposed to de-
scribe the reaction mechanism after the initial formation of *C,
species, presenting many scenarios that result in poor product
distribution. While early pathway bifurcation may allow for the
formation of specific C,, products based on only a few reaction
steps (Figure 3a), it is also possible that the *C,, intermediate is
allowed multiple opportunities to alter its reaction path through-
out the lengthy reduction process (Figure 3b). CO,RR pathways
that only rely on the formation of a few key intermediates to
promote high product selectivity would be most conducive to-
ward allowing for the application of CO,-to-C,, at an industrial
level.

This uncertainty regarding C,, selectivity further convolutes
the already complicated mechanism for forming C,, products.
It places much more weight on modeling, in situ observation,
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and applying DFT calculations to better predict and understand
the reaction and its products on a given catalyst. Significantly, de-
termining selectivity between different C,, products largely de-
pends on the active site structures,!’>#] ag well as the dom-
inant *C, intermediates.[?2?!] Precisely determining a singular
step that is most important to the selectivity between ethylene and
ethanol is highly difficult, mainly because the active site struc-
tures within each catalyst can directly affect the mechanism itself.
For each catalyst, DFT calculation and in situ observation can elu-
cidate the underlying mechanism taking place, but it is not pos-
sible to arrive at a simple answer as to what drives selectivity be-
tween C,, products for all catalysts. Overpotential does not seem
to have an impact on the selectivity of this process directly due
to C,, products having similar equilibrium potentials. However,
its role in forming different *C, intermediates is known, which
in turn may have an impact on C,, selectivity depending on the
circumstance.®%

On that note, it is imperative to understand the role that
overpotential plays in CO,RR; many parameters are affected
by overpotential. For example, studies have shown that the
CO,RR product distribution of a catalyst is affected by the
alteration of the overpotential.[*#693% Ren et al. showed
that lightly reduced C; products like CO and HCOO~ are
formed at higher rates at potentials above —0.9 V, whereas
highly reduced C; products like CH, are formed at higher
rates at potentials below —1.1 V. Meanwhile, in between
-1.1 V and —0.9 V, C,, products had a higher formation
rate.>®] This behavior can be understood by considering
the effect of overpotential on reaction rate; the higher the
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Table 1. Summarization of the characteristics and components of each of the commonly used electrochemical cells for conducting CO,RR.

Cell Type Potential [V vs RHE] Current Density [mA cm™2] Details
H-Cell -04--14 10-100 Three-electrode system with an anolyte and catholyte
(Cathodic) separated by an IEM. CO, is bubbled and dissolved
directly into the catholyte, resulting in low
concentration at the catalyst surface.
See Figure 4a for a detailed image.
Flow Cell -0.4-14 50 — 1000 Electrolyte is continuously circulated throughout the
(Cathodic) cell, with CO, being diffused through a GDL at the
cathode, enhancing the mass transfer efficiency.
See Figure 4b for a detailed image.
3-45 100 — 1000+ A type of Flow Cell that directly interfaces the catalysts
Electrolyzer/MEA (Full Cell) with the IEM, thereby eliminating ohmic losses due

associated with ion transportation through the
electrolyte.
See Figure 4c for a detailed image.

potential, the more rapid the reduction of *C; intermedi-
ates. Low potential increases the likelihood of species des-
orbing from the catalyst surface before undergoing numer-
ous reaction steps, with high potential causing fully reduced
CH, to desorb. In both examples, a high concentration of
mobile *C, is not maintained, which is required for reliable
C,, formation. At middling potentials, the reaction rate oc-
curs at a speed such that *C; species are maintained on the
surface and allowed to move across, introducing the possibil-
ity of *C, interaction and the promotion of the C-C coupling
mechanism.

However, the overpotential not only influences the behav-
ior of CO,RR — the effect of the competing HER must also
be considered due to its similar onset potential compared to
CO,RR. Inconveniently, CO,RR requires the transportation of
protons to the catalyst's surface, which makes the progres-
sion of HER unavoidable to some extent. A correct cathodic
potential should be carefully selected to maximize *C, inter-
mediate formation and minimize HER. The challenge for re-
searchers attempting to increase performance by inhibiting C,
and H, formation lies in expanding the potential window be-
tween these two processes, commonly achieved by reducing the
onset potential of CO,RR or impeding H* adsorption to re-
active sites.[¢29%7] Ag discussed previously, a key advantage to
producing lightly reduced C; products lies in utilizing a less
aggressive overpotential, thus preventing the formation of H,.
From an economical perspective, scientists have a vested in-
terest in reducing overpotential so that it is as low as pos-
sible. TEAs suggest that a cathodic potential close to —0.7 V
versus RHE is a reasonable operating overpotential for prof-
itable CO, reduction, and the goal has been met with multiple
catalysts.[>#1*] However, there are additional reasons why lower
overpotentials are desirable, such as the mitigation of potential-
related degradation mechanisms.[®] Still, the natural behavior
of the reaction shows that overpotential has a strong impact
on product distribution when conducting CO,RR,**%%] not to
mention its role in current density.””! Ideally, new strategies
should be developed such that overpotential has a lower influ-
ence on the distribution of CO,RR products. That way the po-
tential can be minimized without requiring a large gap between
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the *C, formation onset potential and the C-C coupling onset
potential.

Furthermore, overpotential significantly impacts the stabil-
ity of the catalyst and CO,RR systems as a whole. Potential-
driven catalyst surface reconstruction can be a significant con-
cern from a catalyst perspective. Typically, Cu on these cata-
lysts will dissolve and re-deposit onto another portion of the
catalyst, which can be detrimental when these catalysts are so
carefully designed to promote a specific reaction pathway.!°%1%]
Thus, throughout CO,RR at cathodic potentials, the defect-
rich, rough, desirable surfaces will gradually become smooth,
reducing the ability of the catalyst to facilitate the C-C cou-
pling step.['%! By limiting the overpotential, the rate at which
this occurs can be reduced significantly, resulting in more
durable catalysts. However, system stability represents an equally
or even more pressing potential-related concern critical for
understanding CO,RR’s prospects and challenges as an in-
dustrial process, which will be discussed in the following
sections.

3. Fundamental Considerations for CO,RR: A
System Perspective

Arguably, the more severe limitation on CO,RR as an indus-
trial process lies in CO, RR systems, rather than CO,RR catalysts.
Many factors should be understood from the reactor design per-
spective. In this section, we will discuss the efficiency of the vari-
ous electrochemical cells used for CO,RR and concerns related to
system degradation and overall efficacy when examined from an
industrial point of view. To accompany this discussion, we have
generated a table to briefly describe the operating parameters and
characteristics of each electrochemical cell, which may be found
in Table 1.

3.1. H-Type Electrochemical Cells
The complexity of H-cells is rather low, allowing observers to
better understand the catalyst’s performance rather than the ef-

fect of other factors that may further obfuscate the catalyst’s effi-
ciency. H-cells are particularly useful for direct evaluation of the
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performance of a catalyst in the laboratory, depicted simply in
Figure 4a.1°) While there is some variation in the conditions and
components used in an H-cell, generally a Pt metal anode per-
forming OER is used as the counter electrode to a given CO,RR
electrode.[1927105] Regarding electrolyte selection, 0.1 m KHCO,
or 1 M KOH are typically used with an ion exchange membrane
(IEM), with a reference electrode inserted in the catholyte. The re-
actor is sealed to ensure the gaseous product is properly collected
before being inserted into a gas chromatograph (GC). While in
operation, the CO, feed is bubbled through the catholyte, which
absorbs a small amount of the low-solubility gaseous CO, and
transports it to the surface of the catalyst, where the reaction pro-
ceeds. This method of supplying CO, to the catalyst surface is
inefficient compared to gas diffusion electrode (GDE) flow cells
and reduces the applicability of H-cells. However, thanks to their
simplicity, one of their primary uses is as a reactor for catalyst sta-
bility tests.[19%] Utilizing H-cells for stability testing is prudent for
developing a better understanding of the durability of the catalyst
directly rather than that of the system in its entirety.

3.2. GDE Flow Cells

Flow cells represent a more industrially applicable cell configu-
ration for high-rate CO, conversion, regardless of which prod-
uct the catalyst is selective for, due to their ability to allow for
high CO, mass transfer to the catalyst. The key to this enhanced
mass transfer lies in the diffusion layer, which acts as a triple-
phase boundary (TPB) for gaseous CO,, aqueous electrolyte, and
solid catalyst active sites, bypassing the need to properly dissolve
CO, into the electrolyte the way an H-cell requires (Figure 4b).
GDEs and gas diffusion layers (GDLs) differ in their ability to
collect current, causing potential product distribution effects and
GDEs are more efficient but more susceptible to electrowetting
effects.[1%107] [n either case, the layer is hydrophobic and con-
tains a microporous layer onto which a catalyst ink is deposited,
which facilitates the formation of the TPB.[1%19] Underneath the
microporous layer is a macroporous layer exposed to the gaseous
CO, feed.

3.3. MEAs and Zero-Gap Electrolyzers

Membrane electrode assemblies (MEAs) have been extensively
researched for fuel cell and electrolyzer applications, as they
can produce impressively high current densities with low ap-
plied potential. The configuration is similar to that of GDE flow
cells with the vital difference being that it lacks a liquid elec-
trolyte chamber, instead opting for a humidified CO, feed stream
(Figure 4¢).111%111 This change reduces the internal resistance of
the system by limiting ohmic losses, thus allowing for lower ap-
plied potentials overall. As a lab-scale piece of equipment, the
MEA suffers due to high complexity and challenging operating
condition control, as well as an inability to properly monitor the
potential of each electrode due to there being no liquid anolyte or
catholyte. Instead, overall cell potential is used to describe these
systems, which is not ideal due to the effect of the anodic oxygen
evolution reaction (OER). This energy-intensive half-reaction re-
quires significant overpotential.
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3.4. Considerations for Flow-Type Cells

In terms of industrial viability, H-cell configurations can be im-
mediately discounted as a possibility due to their highly ineffi-
cient CO, mass transport properties. This causes a massive differ-
ence in current density, showing tens of milliamperes per square
centimeter rather than hundreds. Thus, some direct gas diffusion
process is required to supply enough CO, to the catalyst to obtain
sufficient current densities. The capability of these layers can be
astonishing with the correct setup, achieving current densities
above 1 A cm™ at reasonable overpotentials, easily surpassing
the relatively conservative suggestions of many TEAs of ~300—
400 mA cm~2.3*V1 Stll, high-rate current density is often asso-
ciated with the deterioration of other vital parameters like selec-
tivity and stability, which can limit the practicality of conducting
the reaction in such a high-intensity manner.[16111.112]

One of the key features that allows for such high current den-
sity operation is the gas diffusion layer, which efficiently trans-
ports large quantities of CO, directly to the catalyst surface. Un-
fortunately, many flow-cell-specific complications arise from is-
sues with the integrity of the GDL in both GDE flow cells and
MEAs. Ideally, the gas chamber should be dry, with no elec-
trolyte bypassing the diffusive layer, a process that is referred to
as “flooding”.[1%] Many conditions can induce this behavior, such
as the activity of the GDL itself and, significantly, the overpoten-
tial applied to the catalyst.['%®] High overpotentials can result in
the failure of the GDL, which can be explained by considering
the electrowetting effect. This phenomenon causes a change in
aqueous surface tension at the surface of a hydrophobic mate-
rial due to an applied potential.[1%108113] Electrowetting is un-
avoidable to a certain extent and disrupts the important TPB nec-
essary for obtaining high-performance CO, electrolysis; ideally,
there should be a delicate balance of gaseous reactant and lig-
uid electrolyte such that appropriate amounts of CO, and pro-
tons are supplied to the surface. By adding different dopants to
Cu species, the hydrophilicity of the catalyst layer can be aug-
mented to allow for a more hydrophobic interface that is re-
sistant to potential-related electrowetting. However, it has also
been found that this changes the selectivity of the catalyst it-
self, which introduces another layer of complexity to the problem
(Figure 5a).[''*] Alternatively, by operating at a lower potential, the
electrowetting intensity will be reduced, providing yet another
incentive for scientists to reduce the overpotential to as low as
possible. It has been shown that other conditions may influence
electrowetting and flooding, such as testing protocols,!1%! sponta-
neous electrolyte organization during the reaction,l>!*!% or in-
sufficient pressure within the gas chamber.['') Nevertheless, re-
searchers have recently endeavored to improve these layers with
promising results through modifying the system and altering the
GDL directly.['?”18] A high-performance 3D-printed polytetraflu-
oroethylene (PTFE) GDL was printed to allow for careful obser-
vation of the effect of CO, GDL permeance on the selectivity of a
Cu catalyst tested within a flow cell (Figure 5b).1°? The results
demonstrate that high CO, permeability must be maintained,
otherwise the availability of CO, on the surface of the catalyst will
be low, resulting in a suppressed C-C coupling step and reduced
C,, selectivity.

Once flooding begins, the performance of the reaction will be
heavily impacted. Notably, the failure of the diffusive layer and the
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Figure 4. a) Diagram depicting a standard H-Cell for CO,RR. b) Diagram depicting a standard GDE flow cell for CO,RR. c) Diagram depicting a standard
MEA electrolyzer for CO,RR.
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Figure 5. a) Effect of the addition of various organic species on the water contact angle of an oxidized Cu electrode, along with its effect on the FE
observed between CO and HCOOH. Reproduced with permission.['14] Copyright 2019, American Chemical Society. b) Effect of CO, permeance on the
product distribution of a Cu NP catalyst on a 3D printed GDL inside of a flow cell. Reproduced with permission.[®?] Copyright 2021, Wiley. c) MEA
stability test results obtained for a self-cleaning electrode potential pulsing strategy. Inset images show the state of the gas flow field after testing, which
is heavily blocked for non-pulsed operation. Reproduced with permission.['13] Copyright 2019, American Chemical Society.

total coverage of the GDL will force the mass transfer behaviorto  HER due to a lack of CO,.*!" Counterintuitively, flooding is
function more like an H-cell, severely inhibiting CO, availabil-  still possible in MEAs despite only using a humidified CO, feed
ity. Droplets may form on the back and inside of the GDL, evap-  stream, since bicarbonate salt is formed as CO, interacts with
orating and leaving behind salt formed from the electrolyte or  the water in the stream, which may then be deposited within the
solvated CO,. In either case, these species will effectively disable ~ MEA flow field, blocking sites and causing system failure.[+107:111]
the reactive sites that impede mass transfer, thereby promoting  Careful relative humidity (RH) selection is necessary to reduce
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the likelihood of this process.['!!l Simultaneously, other types
of GDL failure can cause significantly different behavior within
CO,RR, such as cracking, which lowers the ability of the GDL
to properly interface with the catalyst.[''] Other solutions hold
promise, such as the development of augmented system opera-
tion strategies such as Xu et al.’s “self-cleaning” strategy that uti-
lizes cyclic potential application to regenerate activity losses, lead-
ing to much higher stability (Figure 5¢).[''*) In essence, the tech-
nique inhibits the precipitation of salts within the gas flow chan-
nels, resulting in much higher system stability. Ultimately, this
process can be controlled in many ways within MEAs and flow
cells. The challenge lies in the transfer of excessive anions across
the IEM, which increases the concentration of the catholyte side
of the reactor. Once this reaches a certain point, anion or bicar-
bonate salts will precipitate onto the catalyst layer, blocking active
sites and reducing performance, and causing the CO, absorbed
into the electrolyte to be wasted. Thus, by introducing new ways
to control the ion concentration in the catholyte, the systemic sta-
bility of the cell can be enhanced. Some of these techniques are
very simple, such as periodically rinsing the cell with water to re-
move excess anion crossover, that prevent the transfer of large K*
ions at the expense of reduced permeability (Figure 6a).12]

By its nature, the CO, crossover concern is only a major issue
with anion exchange membranes (AEMs), since CO, crossover
depends on the transfer of anionic CO;2~ ions across the mem-
brane. Thus, other types of IEMs like proton exchange mem-
branes (PEMs) or bipolar membranes (BPMs) may be utilized to
effectively suppress enhance CO, feed utilization. Diagrams de-
picting an AEM, PEM, and BPM may be found in Figure 6b. Nev-
ertheless, these options do come with challenges that decrease
their attractiveness when compared with AEMs. For the usage
of PEMs, the CO,RR catalyst must have the ability to efficiently
suppress the progression of HER, which becomes dominant in
acidic conditions. Thus, the discussion pertaining to the appli-
cation of PEMs for CO,RR electrolyzers will be carried out in
Section 5.4.3. Alternatively, BPMs have issues relating to energy
efficiency due to the inclusion of an internal catalyst that splits
water into H* and OH™, allowing for a net ion transport across
the membrane. As such, efforts to improve the performance of
AEMs have become a focus of researchers aiming to mitigate
CO, crossover as well as salt deposition.['?!] AEMs can be cus-
tomized through the usage of different functional groups that
show an ability to reduce the movement of CO, across the mem-
brane. For example, it has been found that quaternary ammo-
nium poly(N-methyl-piperidine-co-p-terphenyl) exhibits higher
selectivity, ion conductivity, and stability when compared to the
imidazolium-functionalized poly(styrene) background present in
Sustainion.[112122123] The development of new AEM materials
may result in reduced CO, crossover and higher efficiency, es-
pecially with materials that show reduced water uptake, thereby
inhibiting anion conductivity.'*! Unfortunately, the reduction
of anion conductivity simultaneously reduces the conductivity of
both the unwanted species as well as the ideal OH™ ion transport,
since this method relies on increasing the overall mass transfer
resistance of the membrane.!''21%] Further, while some research
has been conducted on increasing the membrane selectivity of
AEMs within artificial photosynthesis,[12#12] the elevated poten-
tials required to drive CO,RR promote the transfer of unwanted
species, especially at high current and low flowrate.!?] In addi-
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tion of the transfer of CO,2-, collecting liquid products can be
severely complicated when the membrane is vulnerable to ion
crossover, since desirable species like formate and acetate are very
susceptible to crossover processes.[12] Similarly, neutral species
like alcohols can also migrate across the membrane as well, but
at a reduced rate.['?128] Thus, the promise of BPMs for CO,RR
has increased in recent years, particularly for C,, selective pro-
cesses, which can lose the majority of fed CO, due to electrolyte
Crossover.

As such, the usage of BPMs as a method for improving the
SPC of CO, electrolyzers also has promise. Functionally, BPMs
work differently from PEMs and AEMs in that the layer is formed
by combining the two.["31132] Instead of permitting penetration
through the entire membrane, BPMs prevent the full transport
of ions through the layer, further inhibiting the interaction of the
anolyte and catholyte. This increases the resistance of the layer,
but also all but removes CO, crossover as a significant challenge
for electrolyzers conducting CO,RR.[*18133] S, promising en-
ergy efficiency can be obtained by operating the electrolyzer in
such a way that works with the strengths of the BPM.[130134] Tt
was found that the CO;2~ stored in the electrolyte can be re-
leased and utilized at the cathode by modifying the electrolyte
and reducing the CO, flowrate while taking advantage of the im-
permeability of the BPM (Figure 6¢).I'?] Thus, by harnessing the
stored CO;2~ the SPC may be improved to much more industri-
ally viable levels. Alternatively, there have been recent results that
indicate that the usage of both a PEM and an AEM can operate
in tandem to allow for efficient CO, crossover suppression and
extended stability while maintaining competitive current density
and FE (Figure 6d).I">*] The researchers found that FEy, e, Was
improved slightly in comparison to an electrolyzer with an AEM,
but the selectivity of ethanol was greatly enhanced, perhaps due
to liquid product crossover complications with the AEM.[126:130]

Within MEAs, an extra concern related to the deposition of
the catalyst layer is introduced. Since MEAs do not have a lig-
uid electrolyte, the anode and cathode catalyst layers are placed
directly on a solid polymer electrolyte membrane. MEAs typically
contain specifically proton exchange membranes (PEMs) that are
not conducive for CO,RR since PEMs transfer positively charged
protons that reduce the pH of the PEM (and catalyst) surface.
With lower pH, suppressing HER progression becomes much
more difficult, not to mention the absence of positive Helmholtz
layer intermediate interactions observed in high-pH reaction
environments.!'1213¢] Nevertheless, researchers have begun de-
voting efforts to realizing neutral and acidic condition CO, elec-
troconversion, increasing the viability of MEAs for CO,RR.[137:138]
Alternatively, modified GDE flow cells containing a thin catholyte
layer have been explored to reduce the ohmic resistance without
necessitating full transition to MEA operation.[!¢]

MEA electrolyzers will certainly be the most optimal reactor
for conducting CO,RR at industrial scales in the future, but new
strategies for inhibiting MEA-specific problems are required to
enable their full potential. Beyond flooding, other issues can in-
troduce over- and underestimations of the catalyst performance,
such as not measuring the flow rate leaving the cell,[l incor-
rect or absent iR compensation usage,!'*! incorrect GC or high-
performance liquid chromatography (HPLC) calibration,[* poor
control of the pH and/or electrolyte inside of the flow cell,'*]
bubble formation on the surface of the catalyst,[1%! or electrolyte
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Figure 6. a) Four proposed strategies for controlling the precipitation of anion salts within MEAs for CO,RR. Reproduced with permission.!'2%] Copyright
2023, American Chemical Society. b) Simplified diagrams for the function of anion exchange membranes (left), proton/cation exchange membranes
(middle), and bipolar membranes (right). c) Comparison of the ratio of CO,/O, in the anode gas outlet between electrochemical cells using an AEM
(left), PEM (middle), and a BPM (right). Reproduced with permission.l'?°l Copyright 2020, Royal Society of Chemistry. d) Left: current density and
FE data for an MEA electrolyzer utilizing an AEM; Middle: current density and FE data for an MEA electrolyzer utilizing a 1:1 AEM:CEM MEA; Right:
cross-sectional image of the 1:1 AEM:CEM MEA developed by Alkayyali et al. Reproduced with permission.l'3% Copyright 2023, American Chemical

Society.
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crossover through the IEM.[!1}112] CO,RR-to-C,, processes are
highly complex, and poor maintenance of the TPB further ex-
acerbates any problems that may be encountered. Therefore, re-
searchers must verify that their equipment functions correctly
and that all extraneous effects are compensated for.

Perhaps due to how unforgiving the reactor is, stability is the
least studied characteristic of electrocatalytic systems for CO,RR.
While other performance metrics continue to advance, stability is
often only tested on the scale of tens to hundreds of hours.!'>1%]
Neither of these results compare favorably with the lifetimes sug-
gested by TEAs, which range significantly between 20 000 and
80 000 h in either GDE flow cells or MEAs.[1*1740] Tt ig of critical
importance that the stabilities of these systems are not neglected
as the other metrics approach their performance goals. Unfortu-
nately, conducting stability tests on the scale of thousands or tens
of thousands of hours is costly and certainly time-consuming.
However, increasing the stability of a CO,RR system should be
viewed in a more holistic sense, which is to say that purely focus-
ing on the catalyst stability will not necessarily make a catalyst
more viable industrially since other detrimental system degrada-
tion mechanisms have not been addressed. Despite their differ-
ences, lessons can be taken from other electrocatalytic reactions,
like the ORR.["*!] By analyzing and adapting the techniques pre-
viously developed by these researchers, the stability of CO,RR
systems could be enhanced. For example, the development of
standardized procedures like accelerated stability testing (AST) to
rapidly evaluate the longevity of ORR catalysts helped to alleviate
the problem of time-consuming stability tests, for which CO,RR
does not have an equivalent protocol. On the other hand, CO,-to-
C,, electroconversion has many more steps than ORR, meaning
that simply cycling the potential may not be enough to capture
the degradation behavior. Further, the potential range that ORR
typically operates at is higher than that of CO,RR, meaning that
the relevant degradation mechanisms for each system could be
different.

Systems like ORR, however, cannot help in solving other
grand challenges faced by CO,RR. While CO, crossover during
ORR represents a fundamental challenge in practical MEA ap-
plication, CO, presence in the electrolyte of CO,RR systems is
required.['*218] Particularly for CO,RR systems with low over-
potential, the sources of instability often originate from the re-
action environment, not the catalyst itself."**l The optimiza-
tion of alternative cell orientations, ! improved IEMs,!''?! novel
strategies to regulate the organization of electrolytes,'!3l and en-
hanced GDLs will undoubtedly be more influential on the life-
time of industrially applicable CO,RR cells.'””] Another route
toward achieving industrial viability for CO,RR in MEAs is to
improve the performance of the anode.['"] Typically, a precious
metal catalyst conducting OER is used as the counter electrode
in these systems, which is relatively sluggish and has a high en-
ergy requirement.!1*5146] Ag the OER performance improves, the
applicability of CO,RR will also improve; alternatively, platinum-
group metal (PGM)-free OER catalysts could be included instead
of the current costly Ir and Ru-based materials.!1*7]

4. Economic Efficiency of Ethylene Electrosynthesis

Ethylene itself possesses a key role in the current economy
as a precursor for creating valuable plastics, like polyethylene
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and poly(vinyl chloride), or solvents like ethylene glycol. Typ-
ically, the ethylene being utilized in these processes comes
from environmentally-unfriendly processes like steam cracking
of natural gas, thereby emitting large amounts of CO, into the
atmosphere.'*814] Unfortunately, polyethylene in particular is
nearly unavoidable in modern life, and no suitable replacements
have been found that have the same desirable properties with
fewer associated environmental concerns. Thus, CO,RR can pro-
vide a pathway toward taking advantage of CO, flue gases to syn-
thesize ethylene cleanly.™>*! Other methods of producing ethy-
lene cleanly exist, such as biological production of ethylene,
which requires biomass as a source of energy.l'>1152] Meanwhile,
an electrochemical approach benefits from a more easily inte-
grated reliance on electricity, which is more easily accessible than
large quantities of biomass.[!>?]

A simplified, typical CO,RR system aiming to produce ethy-
lene has been depicted in Figure 7a. The baseline steps within an
industrially compatible CO, electroconversion system are con-
sistent across multiple products, as fundamentally many of the
processes required are similar to each other. For example, in-
plant harvesting of CO, from the flue gas is typically conducted
with ethanolamine chemical adsorption. This represents a sig-
nificant cost for these types of systems due to CO, capture ineffi-
ciency, typically ranging from $50-$70 per ton of CO, harvested
from a typical flue gas.'*18] Additionally, certain gas separation
protocols must be present in each CO,RR system, such as pu-
rified CO, recycles and CO/CO, separation.['>3] Depending on
the type of cell being utilized,>* anodic counter reaction, #0133
pH conditions,>¥ and membrane being used,['****] CO, /0O,
gas separation of the anode outlet may also be necessary. Sim-
ply improving these aspects of a possible CO, conversion strat-
egy would improve the viability of all CO,RR products, not just
ethylene.

On this note, however, it is important to acknowledge the role
that the counter electrode plays within the economics of CO,RR
implementation. Through the use of OER, O, may be obtained
along with the CO,-derived products from CO,RR, which plays a
crucial role in the profitability of these systems.[!] Nevertheless,
this process is often severely impacted within traditional CO,RR
electroyzers due to the crossover of CO, from the catholyte to
anolyte, which results in CO, contamination in the anodic gas
stream.['2] Naturally, this necessitates additional cost-intensive
separation processes to purify the O, stream.[>3] One solution
to this problem is the utilization of a different anodic reaction
that does not suffer the same inefficiency as the OER.[?17] Based
on the technoeconomic analysis conducted by Na et al., Organic
Oxidation Reactions (OORs) may possess some promise for pro-
ducing high value anodic products without the need for 0,-CO,
separation (Figure 7b).[40155:158]

Ethylene compares favorably to heavily reduced C; prod-
ucts like methane and methanol, mainly due to the large mar-
ket for ethylene as well as the low efficiency of methane and
methanol.l'® C,, products and heavily reduced C, products share
similar efficiencies as compared to lightly reduced C; products,
since while they are chemically different, they are the same in
terms of the challenges that they face.l’) Both of these classes
of product typically have reduced FE, higher kinetic overpoten-
tial requirement, and have extended reaction mechanisms that
involve more electron transfer steps, reducing the quantity of
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Figure 7. a) Simplified example of an industrial ethylene electrolyzer setup. b) Schematic describing Na et al.’s modeled system, which uses HMFOR
rather than OER for reduced CO, crossover, lower potential, and more valuable anodic product. Reproduced with permission.[“°! Copyright 2019, Nature
Portfolio. c) Market price and size comparison of the most common CO,RR products. Reproduced with permission.['® Copyright 2019, Wiley. d) Left:
comparison of the CO, crossover and the electrical energy efficiency of an alkaline flow cell and a neutral-pH MEA. Right: C,H, production cost associated
with the Tandem CO,R electrolyzer system described within Sisler et al.’s technoeconomic analysis. Reproduced with permission.[1%2] Copyright 2021,
American Chemical Society.
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product obtained in relation to the current density.®1>° Further,
these products require more separations in total due to the pres-
ence of a higher quantity of species in the product stream, since
lightly reduced C; products like CO may only have CO,, CO,
and H, in the outlet mixture. While these characteristics impede
methane and methanol,[!*160.161] the improved market value of
ethylene allows it to remain an enticing product.

Among multi-carbon products, ethylene is currently the most
promising species to produce due to the natural inclination of
Cu surfaces. As such, while ethanol is a highly desirable product
with a multitude of usages, the selective production of ethanol
has proven to be quite difficult for the time being. Another key
benefit of producing ethylene is it has much simpler and cheaper
downstream processes, owing to its naturally gaseous state.[17:1]
To exacerbate this issue, liquid C,, products may also be lost to
product evaporation out the back of the GDL, transporting a por-
tion of the liquid species to the wrong separation process.[126:127]
A number of high-efficiency gas separation processes have been
shown to have good compatibility with the distribution of CO,-
to-C,H, product streams.!*®1>3 Thanks to all of these characteris-
tics, multiple propositions have been made showing that environ-
mentally friendly solutions are competitive with the current tech-
niques for producing ethylene.['>*19] Notably, the Sargent and
Sinton groups have done much work on developing practical in-
dustrial strategies for improving CO,RR viability as well as crit-
ically evaluating the efficacy of these approaches. For example,
Alerte et al. recently released a TEA showcasing reasonable con-
ditions toward realizing a profitable ethylene production strategy
through a more traditional approach.['>3]

When compared to CO,-to-CO conversion, electrosynthesis of
ethylene has a number of deficiencies that hinder its applicabil-
ity. The first of the two challenges that CO,-to-C,H, conversion
faces is unfavorable reaction characteristics when compared to
CO,-t0-CO.[1*164] Facilitating high FE for CO has mostly become
trivial due to the material characteristics of the catalysts being
used. With >95% FE., having been achieved with such ease
thanks to the simple reaction mechanism,[*/*8] researchers have
devoted more time into developing the other important charac-
teristics for industrial applicability, such as encouraging high sta-
bility and current density.[122165166] Beyond that, there has been
more focus on adapting CO-selective CO,RR to acidic conditions,
which can further improve CO, utilization and efficiency within
industrial contexts.['3¥1%7] In contrast, much of the work devoted
toward the production of ethylene has been aimed toward im-
proving the FE g, ., of the catalyst.l*!] For years, the development
of a generalizable model of the reaction mechanism has eluded
researchers due to the plethora of thermodynamically plausible
reaction pathways and intermediates. Nevertheless, promising
work has demonstrated the potential that CO,-to-C,H, conver-
sion possesses within industrial settings. High current density
and stability have been achieved multiple times through cata-
lyst innovation and system design ingenuity.[16->47482.113,135,168.169]
Meanwhile, valuable insights into the governing principles be-
hind high FEy, . continue to be published, further advancing
the field toward higher selectivity.[881]

The second challenge faced by industrial ethylene electrosyn-
thesis relates to more complicated downstream separation pro-
cesses. Yet another boon for CO production lies in its narrow
product distribution, which will often only show CO and CO,,

Adv. Energy Mater. 2024, 14, 2401558

2401558 (14 of 33)

www.advenergymat.de

with trace amounts of H, as measurable gaseous species in the
outlet.['*156] Meanwhile, the synthesis of ethylene will not only
contain all of the contents of CO,-to-CO systems, but also C,H,,
higher amounts of H,, and trace amounts of CH,.["2 Typi-
cally, pressure-swing adsorption (PSA) is used for this gas sep-
aration process since it has relatively high efficiency for sepa-
rating products of this class.l'”®] On the other hand, the chal-
lenge is even more apparent for liquid species — while CO-
selective systems may only contain HCOOH, due to poor se-
lectivity between C,, products there will likely be C,H;OH, n-
C;H,0H, i-C;H,0H, CH,;COOH, CH,;0H, among other trace
species present in the liquid product profile.'84) While the sep-
aration of so many species is challenging, HCOOH as a primary
product also faces challenges within CO,RR due to the simi-
larity between the boiling temperature between HCOOH and
water.l'*164] On the surface, one may not expect this inefficiency
to be particularly relevant to ethylene-selective CO,RR. Neverthe-
less, the excess C,, products left in the electrolyte do possess high
market value and contribute to the overall economic feasibility of
the process.!17:161164] Thus, depending on the concentration of the
species in the electrolyte, it may be crucial for the products to un-
dergo distillation. Naturally, as the understanding of what drives
selectivity between C,, products, CO,RR catalysts should have
more control, reducing the need for such extensive separation.

In isolation, these problems may not be much of an issue
since the ethylene market has advantages over the CO market,
primarily due to the relative size of the ethylene market com-
pared to that of CO,'8170] as well as the increased price per ton
of ethylene.!*8162] Unavoidably, the CO,-to-C,H, requires 6 times
more electron transfer steps, significantly reducing the ethylene
yield and meaning that on a molar basis, the amount of ethy-
lene obtained will be smaller than what would be produced had
the electrons been used to produce CO. Nevertheless, the desir-
able market is the factor that supports ethylene production the
most. Put together, they represent a grand challenge for the in-
dustrialization of ethylene that must be diligently worked on to
improve CO,-to-C,H, viability. CO,-to-C,H, conversion shows
significant promise when compared to traditional steam crack-
ing methods, which is enough to justify its application within
industrial settings.[163]

To better illustrate the value of ethylene, one should consider
that while CO,RR is nearly ready to comfortably replace other
means of CO production, the market is limited at a size of 3—
4 billion USD.['7?! Thus, it would only be a reasonable method
for mitigating a small amount of the pollution produced by in-
dustrial processes before the market is oversaturated. In con-
trast, ethylene represents an in-demand, vital chemical that is
a key component for the production of plastics. As such, esti-
mates of the ethylene market size range from 150 to 250 bil-
lion USD,['7% with hundreds of millions of tons of ethylene pro-
duced annually (Figure 7¢).['181°3162171] Thinking beyond the ap-
peal of just ethylene as a primary product, from a research per-
spective there is only a limited amount of knowledge that can
be transferred to C,, optimization from such simple C, prod-
uct systems like CO- and HCOOH-selective CO,RR. Meanwhile,
the governing principles of C,, systems are constant between
each version of CO,RR, ensuring that by developing ethylene-
selective CO,RR other C,, reactions are elevated as well.’) So,
although ethylene represents the most promising C,, product,
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other high market value C,, species are merely held back by
lackluster performance.l'**”] Through the advancement of effi-
cient, economical, environmentally-friendly ethylene electrosyn-
thesis via CO,RR, more knowledge is gained that could propel
ethanol or propanol to the forefront as attractive products. There-
fore, although CO,-to-C, H, electroconversion displays ample pit-
falls and hurdles to overcome, it is still of critical importance for
the realization of a sustainable global carbon economy using new
strategies and approaches to catalyst design and system design.

To this end, the usage of two electrochemical systems operat-
ing in tandem has shown promise, whereby CO,-to-CO electro-
conversion is performed first before CO-to-C,H, electroconver-
sion is utilized.[>*171172] The principles behind the catalyst de-
sign are mostly the same, as the most important characteristic
in both circumstances is facilitation of high *CO surface con-
centration and efficient C-C coupling active centers. By utilizing
this two-step system however, energy requirements may be re-
duced. Further, CO, throughput may be enhanced greatly as well,
since the single-pass conversion (SPC) efficiency of CO,-to-CO
and CO-to-C,H, are both higher than the SPC of a traditional
CO,-to-C,H, system. Additionally, CO production within CO,-
to-C,H, systems represents an incredibly common source of re-
duced FE, which is no longer a concern within CORR systems.
Perhaps the most exciting aspect of this tandem process is the
possibility to prevent CO, loss as CO,2~, which poses a number
of issues like flooding behavior and loss of reactant.['5%162] Since
the environments can be tuned separately, the process can be de-
signed such that a solid oxide electrochemical cell (SOEC) is used
for the CO,-to-CO step, which completely removes the possibil-
ity of the formation of CO,2.[17374] Subsequently, the pure CO
product stream being fed to the alkaline cell conducting CORR
is unable to form CO,2~ in the electrolyte, which can drastically
reduce the costs associated with regenerating the electrolyte by
recovering the excess CO,%~ (Figure 7d).[1%] Logistically, this ap-
proach suffers from a much more complicated setup, since two
cells must be used with different conditions.['”*] Intuitively, more
separation processes and recycle streams are necessary to ensure
the CO, is not being fed into the cell conducting CORR.['72 Other
novel strategies such as the implementation of a two-layer elec-
trode with differing catalysts, one for CO,-to-CO and one for CO-
to-C,H,, showed much improved FE, current density, and SPCin
relation to a traditional Cu-based CO,RR catalyst.['® In particu-
lar, by layering a highly CO-selective CoPc-based material over a
traditional polycrystalline Cu catalyst, the system was able to pro-
vide adequate performance inside of an acidic electrolyte. Chang-
ing the membrane being used also shows significant promise for
lowering the cost per ton of ethylene through the prevention of
CO, crossover and extension of stability, whether it involves the
usage of a BPM or another novel strategy.[!31:13413]

5. Effective Strategies for Ethylene-Selective
Electrocatalysts

5.1. Multicomponent Catalysts
5.1.1. Multimetallic Catalysts

Multimetallic CO,RR catalysts utilize multiple metals to raise
the activity of the Cu active sites, usually by metal-metal inter-
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actions involving the reorganization of electrons and the cre-
ation of a local environment conducive to adsorbing and cat-
alyzing fed CO,.['7% Conversely, these additional metals may be
used to promote secondary active sites that help facilitate dif-
ferent stages of the reaction. Over the years, multimetallic cat-
alysts have been researched heavily due to the utility posed by
alloys and other multimetallic materials for enhancing intrin-
sic activity.'””) In terms of CO,RR, alloys have been historically
more effective for forming products other than ethylene, whereas
ethylene has benefited more from modified Cu surfaces. Nev-
ertheless, high performance has been found with a CuAg alloy
nanowire catalyst produced by Hoang et al., from which the re-
searchers were able to determine the existence of a synergistic
Cu-Ag interaction due to the formation of *C, intermediates at
Ag sites.”®l Alternatively, Xiong et al. synthesized well-defined
Ag-Au cubic nanoframes as a host for Cu, which boasted ~77%
FE,py1ene Within a flow cell (Figure 8a).l'7®] In this case, the uti-
lization of a heterometallic support enabled the formation of a
well-controlled catalyst morphology, while also taking advantage
of altered catalytic properties based on metal-metal interactions.
Similarly, Koolen et al. have developed a fundamentals-driven
material design approach toward creating differently nanostruc-
tured Cu- and CuAg-based catalysts, demonstrating adjusted se-
lectivity for each (Figure 8b).['”°) Notably, while the overall C,,
FE and HER inhibition of the nanostructured CuAg catalysts im-
proved, selectivity for ethylene in relation to other C,, products
was decreased. Jiang et al. recently observed interesting behavior
from their Ag nanoparticles on Cu nanowires catalyst, exhibiting
good ethylene formation in an alkaline zero-gap electrolyzer.!**"]
Still, high performance was obtained using a Cu,yLa, ;,Cs, 4 cat-
alyst, which obtained 70.5% FE for C,, products in a flow cell
(Figure 8¢).81 In each of these cases, it was understood that
adding additional metal species altered the electronic structure
of Cu or participated in the reaction directly to increase the se-
lectivity of the catalyst for CO,RR toward C,, products. As men-
tioned, other alloy catalysts have been investigated for ethylene
production, such as CuAu,['82 CuSb,[**3] CuZn, 1841851 CuCo,!18]
CuHg!*¥”] CuPd,#*188] and others,[80-8218L187.189] typically show-
ing good C,, performance but relatively low selectivity for a sin-
gle C,, product.

In essence, the inclusion of additional metals to these cat-
alysts strongly impacts their adsorption and reactive proper-
ties, particularly for alloyed catalysts. As such, it is often found
that non-Cu monometallic catalysts have undesirable product
distributions when optimizing for C,, formation due to large
amounts of C; products. Metals like Ag, Au, Sn, and Fe have
all been shown to be active for highly reduced C; formation
due to their much stronger binding of adsorbed C, species
that holds them more aggressively to the active sites, prevent-
ing them from transporting across the surface and produc-
ing C,, species.®>19] From a different perspective, Ni has also
been shown to be selective for 2-electron reduced CO due to
its weak carbon dioxide adsorption.['**) Combining these metals
with Cu makes it possible to modulate the adsorption strength
of the reactive surface, thereby altering the favorable reaction
pathways. Kim et al. have recently developed a comprehensive
study on the fabrication of Cu alloy materials that can con-
trol the selectivity of either ethylene or ethanol using a non-
equilibrated method (Figure 8d).'%! One of the key factors that
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of the Cu-AgAu nanoframe catalyst with different Cu loading. Reproduced with permission.['8] Copyright 2020, Wiley. b) FE data acquired from various
Cu- and CuAg-based nanostructured catalysts. Reproduced with permission.l'7°] Copyright 2023, Springer Nature. c) SEM images showing the structure
of the Cu-based multimetallic catalysts produced by Jia et al.['®!] d) Diagram depicting the general strategy for controlling the product distribution
of Cu-based catalysts using alloy materials. Reproduced with permission.['®] Copyright 2023, Springer Nature. e) Meng et al.’s Cu NPs @ Ni-N-C
tandem catalyst. Top: schematic diagram detailing the synthesis. Middle: TEM (left) and HRTEM (right) of the Cu NPs @ Ni-N-C catalyst, showing
good nanoparticle dispersion. Bottom: EDX analysis via HRTEM showing the elemental distribution of the Cu NPs @ Ni-N-C catalyst. Reproduced with
permission.!1 Copyright 2021, Wiley. f) Electron microscopy images of the CuO/Al,CuO, catalyst produced by Sultan et al. Left: TEM images showing
the separation of CuO NPs within the Al,CuO, structure. Right: STEM images depicting the boundary between CuO NPs and the Al,CuO, domain.
Reproduced with permission.['3] Copyright 2022, Royal Society of Chemistry.

negatively impacts alloys of this nature is the continuous re- that facilitate C-C coupling. This approach is commonly re-

active surface. Functionally, maintaining a high enough *C,
concentration across the entire catalyst surface to enable com-
petitive C,, formation is not especially feasible. Still, by ma-
nipulating the adsorption properties of the surface, it is pos-
sible to create regions of high *C, concentration at locations
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2401558 (16 of 33)

ferred to as “tandem” catalysis, by which two species syner-
gistically work together to direct product distribution, as illus-
trated by Meng et al.’s work creating Cu nanoparticles (NPs)
anchored on a Ni-N-C support (Figure 8e).L1921%] From a
mechanistic perspective, this approach aligns closely with the
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general understanding of CO,RR itself. Intuitively, a catalyst
must use a two-step process to transform CO, to C,,, which
naturally suggests the combination of two catalytic surfaces or
reactive sites.

To illustrate this effect, Sultan et al. synthesized a
CuO/Al,CuO, catalyst that showed high performance for
ethylene, achieving an ethylene FE of 82.4% in an H-cell, which
was mostly stable for 100 h, as well as a FE .. of 70% in a
flow cell with 600 mA cm~2 (Figure 8f).['%] In situ data showed
the ability of the catalyst to continuously maintain high concen-
trations of *CO species in relation to the CuO control sample,
leading to a high rate of C-C coupling and ethylene formation.
Mechanistically, they determined that the CuO surface could se-
lectively produce CO, which was then desorbed and re-adsorbed
into the Al,CuO, surface that promotes the C-C coupling step
and subsequent ethylene formation. Efficient tandem catalysts
for CO,RR directly allow the transport of the *C, intermediates
to the sites that couple them. Thus, an effective method for
fostering this exchange is reducing the distance between the re-
active sites. For phase-segregated morphologies this represents
a fundamental challenge due to the difficulty of dispersing the
reactive sites thoroughly, which is contrasted by other methods
of incorporating multiple active sites in a catalyst, namely via
defect introduction or nanostructuring.[6191%] While many
exciting combinations and morphologies have been developed,
for this reason many phase-segregated catalysts face challenges
in obtaining the same performance as other varieties.[®191]

5.1.2. Metal-Nonmetal Catalysts

Similar to multi-metallic catalysts, metal-nonmetal catalysts can
be formed to increase the activity of the active material.[°!] With
the exception of oxides, metal-nonmetal catalysts have been rela-
tively under-researched despite impressive performance, partic-
ularly for halogen-modified Cu.['”) Ma et al. reported a fluorine-
modified copper sample that displayed a fantastic current den-
sity of 1.6 A cm™2, with an impressive overpotential of only
—0.89 V versus reversible hydrogen electrode (RHE) and a C,,
FE of 80% (65% ethylene, 15% ethanol).** They concluded that
the reason for this enhanced performance is the way that flu-
orine promotes H,O dissociation to increase the *H particles
present to enable the hydrogenation of intermediates while sup-
pressing HER, which has been observed by other researchers as
well (Figure 9a,b).>*1%] Interestingly, DFT calculations suggest
that the thermodynamically favorable formation of *OCHCHO
is dominant and dramatically enhanced, to the point that *C, in-
termediate formation is actually the rate-limiting step.

In contrast, Li et al. published a Cu/Cul catalyst that showed
good performance: 71% FE for C,, products with 894 mA cm™
at —1.0 V that is stable for 85 h, fabricated by the physical mixing
of powdered precursors.['] The iodine content in the Cul re-
gions is removed from the surface during the reaction, forming
a nanoporous Cu,O morphology that helps to catalyze the cou-
pling reaction (Figure 9¢c). Meanwhile, Yang et al. show similar
behavior within an Agl-Cu catalyst, in which the I component is
leached from the Ag nanoparticles, showing similarly impressive
C,, FE (Figure 9d).1%"1 The same iodine-leaching phenomenon
was observed within the Ag nanoparticles, forming a diverse and
active Ag interface for CO,RR.
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Other types of metal-nonmetal based catalysts have been inves-
tigated, like B-doped,?”! N-doped or N-coordinated,!61:196:201-203]
CO,-modified,'®! or Si-modified Cu species.[?!] Ultimately, F-
modified and I-modified Cu structures seem to have the most
promise in high-performance operation, albeit for different rea-
sons. While F-modified Cu seems to retain F within the structure
of the catalyst throughout the reaction, I has consistently shown
that once the reaction begins, the vast majority of the I present
leaves the surface of the catalyst, instead improving the reactivity
of the catalyst by introducing the formation of a rough surface
teXture.[54’105'199]

5.2. Surface Engineering Approaches
5.2.1. Electrochemical Alteration

Electrochemical treatment of catalysts during and before CO,RR
is conducted is an effective and facile strategy for electrocata-
lyst improvement, particularly for raising the ethylene FE by
suppressing HER and developing a more focused CO,RR reac-
tion pathway.”12%*] Although electrochemical pretreatment has
been a strategy utilized for many years across multiple fields,
altering the electrochemical properties during the CO,RR it-
self has emerged as a promising strategy for increasing the
stability and the selectivity of these reaction systems.l'3] By
pulsing (i.e., regularly varying the potential) the electrodes
during the reaction, some research has indicated that the
catalyst surface “resets”, in the sense that many of the ad-
sorbed species desorb, allowing for the re-adsorption of re-
actant again.'’®! Frequently, reactive sites can become deacti-
vated by some unwanted species, not only blocking that site
for reaction, but also lowering the surface concentration of
the critical *C, intermediates.'" Even beyond the adsorp-
tion of reactant species to the catalyst surface, the reorgani-
zation of the inner and outer Helmholtz layers can reduce
the procession of electrowetting-induced flooding.['%! Addition-
ally, during CO,RR, the active catalyst surface defects may
be removed, but by performing anodic pulses, they can be
reformed.!!)

Meanwhile, pulsing reaction conditions have been
shown by the Cuenya group to improve not only the ra-
tio of C,,/C, product formation but also the ratio of
ethylene and ethanol formation by harnessing the in-
duced nanostructure transformation (Figure 10a).[191:20%]
While the pulsing method initially seemed only to improve
C,H,OH formation, further studies have also indicated possible
benefits for ethylene formation. In their 2021 publication, Tang
et al. used a generic (100)-textured Cu foil electrode to conduct
CO,RR with the hypothesis that the selectivity for a certain
electrode type can be tuned by temperature and pulsed operation
effects.[?%] Indeed, not only did they find that using a pulsed elec-
trode, CO,RR conversion to C,, products can be enhanced, but
they also determined that lower temperatures facilitate greater
ethanol formation on the surface of the catalyst during this puls-
ing process. Conversely, higher temperatures are more conducive
to the creation of ethylene.[>200207] Additionally, electrochemical
pulsing has been applied to prevent HER from occurring, as
it has been shown to reduce the adsorption of *H species
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Figure 9. a) Conceptual depiction of the role of surface F on the production

of ethylene via CO,RR. Reproduced with permission.[>*] Copyright 2020,

Springer Nature. b) Comparison of the performance of a Cu-based catalyst both with and without F. Upper: FE,, measured as at various potentials within
a GDE flow cell. Lower: C,, partial current density measured at various potentials within a GDE flow cell. Reproduced with permission.['%8] Copyright

2022, Royal Society of Chemistry. c) SEM image of Li et al.’s Cu/Cul catalyst.

Reproduced with permission.l’®®] Copyright 2022, Wiley. d) HRTEM and

EDX spectroscopy showing the Agl particle size and elemental distribution of Ruoou et al.’s Cu-Agl catalyst. Reproduced with permission.['¥7] Copyright

2021, Wiley.

on the surface of the catalyst relative to that of *C0Q.[2°6208] To
further corroborate the rest of the results reported in this section,
Kim et al. showed that an optimized pulsed electrode system
could simultaneously suppress HER, improve the ratio of C,
to C; products, and also customize the ratio of ethylene to
ethanol.[208]

Further, some researchers have explored pretreatment meth-
ods to enhance the cathode’s properties for CO,RR. Generally,
these approaches relate to the exposure of the cathode to an-
odic conditions before the reaction to develop a more tuned or
rough surface.®! Lee et al. studied the effect of different anodiza-
tion treatments on the characteristics of Cu-based CO,RR cat-
alysts, especially concerning the stability of the resulting mate-
rial (Figure 10b).2%! Ultimately, they found that by carefully ad-
justing the process, the electronic state of the Cu species can be
tuned, which results in a different product distribution within
the CO,RR. Studies have shown that by using a harsh electro-
chemical pretreatment process, higher stability and resistance to
the reaction environment may be cultivated compared to mild
treatments.[193209] For instance, Lei et al. developed two Cu-based
catalysts, one heat-quenched (HQ), and one anodized (AN), be-

Adv. Energy Mater. 2024, 14, 2401558 2401558 (1

fore exposing them to harsh electrochemical treatment (PHQ-Cu
and PAN-Cu, respectively).[?'?) Mechanistically, they suggest that
the elevated performance of the PAN-Cu and PHQ-Cu catalysts
can be attributed to the formation of fragmented grain domains,
which is reasonable based on the effect of grain boundaries on the
C-C coupling step.[?!!] Importantly, the anodization current den-
sity should be meticulously selected to optimize the surface of
the catalyst, which represents a method to produce effective cat-
alysts in large quantities to improve the scalability of the process
(Figure 10c).[271%] Regardless, electrochemical pretreatment and
tuning have been shown to increase the effectiveness for CO,RR,
particularly for enhancing the selectivity and the stability of the
catalysts, and should be considered a fundamental approach for
the design and optimization of new materials for CO,RR applica-
tions. It should be noted that these surfaces all change drastically
over the course of light anodization, so there are potentially more
effective protocols that can be used to increase the quality of these
reactive surfaces.

Certainly, electrodeposition is one of the most popular meth-
ods for producing Cu-based catalysts for CO,RR due to its ability
to form highly active catalysts with a very controllable and facile

8 of 33) © 2024 Wiley-VCH GmbH
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Figure 10. a) Atomic force microscopy images showing the surface morphology of a Cu (100) electrode after different pulse treatment protocols, detailed
with each image. Reproduced with permission.['1 Copyright 2020, Springer Nature. b) Left: XANES spectra of Cu undergoing high (HPR) and low (LPR)
potential reduction before CO,RR. Middle: XANES spectra before CO,RR, after 10 min of CO,RR, and after 10 h of CO,RR for HPR-Cu. Right: XANES
spectra before CO, RR, after 10 min of CO,RR, and after 10 h of CO,RR for LPR-Cu. Reproduced with permission.[20°] Copyright 2018, American Chemical
Society. c) Above: diagram depicting the electrochemical formation of CuO-NPs on the surface of Cu foil over time. Below: SEM images showing the
surface morphology of Cu foil after an anodic oxidation process for a corresponding duration. Reproduced with permission.l?¢! Copyright 2022, Springer
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method.”®! Adjusting the deposition system may make the pro-
cess customized to encourage certain structures, with dendrites
being a commonly formed geometry.[192212213] Fortunately, den-
drites show high surface area and many interfaces for C-C cou-
pling interaction and are conducive for this kind of application.
Additionally, the process can be relatively easily transferred to
large-scale syntheses by increasing the deposition area. However,
the system is quite sensitive to changes in critical parameters, like
current density, deposition electrolyte concentration, and voltage;
for this reason, it may be challenging to ensure that the condi-
tions are identical across the entire deposition surface.

5.2.2. Active Site Tuning

For reactions as complex as CO,RR to C,, products, ensuring
the formation of ideal active sites is a chief concern for real-
izing efficient reduction of CO, with high selectivity for pre-
ferred products.?#215] By altering the species at the catalyst’s
surface, certain reaction pathways may be promoted to allow
for highly selective strategies using unique approaches. An in-
creasingly promising method of doping the catalyst’s surface
with various species with the goal of perfecting the catalyst’s
adsorption and subsequent desorption behavior has begun to
emerge. In essence, these molecules could direct and control
the diffusion of unwanted species more rigorously than elec-
trolyte ions in the Helmholtz layer alone, while concurrently pro-
viding optimal steric effects to adjust the intermediates formed
by the reaction.[®216217] Furthermore, these structures can sta-
bilize thermodynamically unfavorable intermediate adsorption
orientations, allowing for tunable reaction pathways. For exam-
ple, in a paper by Li et al., a Cu-SiO, nanoparticle catalyst was
synthesized using a modified conventional precipitation method
to alter the surface of the catalyst such that the intermediates
were sterically encouraged to progress down a specific reaction
path.[?8] Critically, the team used DFT calculations to determine
that with the proper inclusion of SiO, at the catalyst surface, the
ethylene-selective carbon-coupled *OCCOH intermediate was
encouraged, thus steering the reaction toward the preferential
formation of ethylene.

The inclusion of different species at the catalyst surface has
presented many impressive transformations of the product dis-
tribution for a catalyst. It has been shown that a dramatic increase
in the ethylene selectivity of polycrystalline Cu could be achieved
with the incorporation of imidazolium species on the surface of
the catalyst, with an enhancement from 5% to 73% FE for ethy-
lene following surface modification (Figure 11a,c).[2"®) This be-
havior can be ascribed to optimized CO, adsorption properties
and imidazolium-assisted stabilization of certain intermediate
species on the surface of the catalyst, which further facilitates
CO,-t0-C,H, electroconversion. Despite all the imidazolium-
containing dopants studied possessing similar structures and
identical moieties, dramatic differences were observed in the per-
formance of the catalysts obtained.[*'8] This effect can be found
in many N-containing surface dopants, such as amines and other
components,[%#219-222] and can ultimately be understood as inter-
mediate and reactant stabilization assistance.[??] Finally, Chen
et al. developed a Cu-polymer catalyst with an impressive 87%
FE for ethylene and 93% FE for C,, products overall by includ-
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ing polyamine species on the catalyst’s surface (Figure 11b).[*!]
The authors posit that the addition of polyamine to the cata-
lyst increases the surface pH, thereby enhancing the *CO con-
tent as well as the intermediate stability due to the entrapment
of these species at the surface while also reducing the favora-
bility of HER, ultimately reducing the cathodic overpotential to
just —0.47 V versus RHE, with an ethylene onset potential of
—0.17 V versus RHE. The utilization of molecules within the
catalyst structure is perhaps one of the most promising direc-
tions for high-efficiency C,, formation, as the customizability of
the incorporated species is incredibly high and allows for care-
ful tweaking of adsorption properties.?2422°] Alternatively, large-
scale diffusion layers like the catalyst-ionomer planar heterojunc-
tion (CIPH) concept developed by Garcia de Arquer et al. have
shown promise by utilizing a similar strategy (Figure 11d).1'¢]
The developed catalyst relies on a coated ionomer layer atop the
Cu catalyst surface, facilitating extremely efficient mass transfer
behavior by dramatically enhancing gaseous mass transfer con-
cerning liquid transport.[22] Ultimately, the benefits of this strat-
egy are twofold: not only is the current density of the catalyst in-
creased, but HER is suppressed as well.

Inducing the creation of surface defects on the surface of elec-
trocatalysts for CO,RR has also enhanced ethylene conversion
performance.l?”’”] Sun et al. showed a catalyst with high C,, effi-
ciency due to the high density of grain boundary defects at the
catalyst surface (Figure 12a).228] In 2019, Mi et al. reported a
Cu;N electrode with many surface defects, such as grain bound-
aries and vacancies, leading to improved ethylene formation.!'¢!
The following year, Zhang et al. produced a nanodefect-rich Cu
nanosheet catalyst, which showed an 83% ethylene FE, which
was better than their samples with reduced nanodefective charac-
ter (Figure 12b).[#2229.25] The inclusion of surface defects is one
of the more common methods for increasing the performance
of these catalysts, with numerous examples of the inclusion of
grain boundary-rich Cu surfaces or irregular electrochemically
modified Cu surfaces.[%210.228.231] Thege surface defects enhance
the catalyst’s reactivity by increasing the surface energy and al-
tering the adsorption properties, which serves to localize and ar-
range *C,; intermediates such that C-C coupling is enhanced.
Alternatively, significantly different surface morphologies were
obtained simply by adjusting the Cu salt type inside an elec-
trochemical synthesis (Figure 12¢).l1%] Thus, there are numer-
ous ways to tune and tweak the surface morphology of Cu-based
catalysts, which have been shown to impact the CO,RR activity
positively.[232]

Porosity predictably plays an influential role in all catalytic sys-
tems. However, there is an added layer of influence in complex
and extended mechanisms like CO,-to-C,, conversion. Small
pores may enhance the formation of C,, catalysts by confining
the reaction intermediates to the surface of the catalyst, reduc-
ing the rate at which unfinished *C, species are desorbed from
the catalyst surface despite middling reactant binding strength
of the active sites.[**1%5] Morphological engineering studies have
shown incredible control over pore structure for catalysts within
the CO,RR. Particularly, it was shown by Zhang et al. how the size
of nanocavities within an engineered CuO catalyst can encour-
age the formation of either ethylene or ethanol (Figure 12d).°!
The nanocavity structures were presumed to have a confinement
effect that promotes one pathway over the other. This approach
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Figure 11. a) FEs and current densities of 12 varieties of imidazolium-modified polycrystalline Cu electrodes.[?'8] b) Diagram depicting Chen et al.’s
polyamine-incorporated Cu electrode in a flow cell system. Reproduced with permission.[*!l Copyright 2020, Springer Nature. c) Various pyridinic N
additives utilized, along with the effect of the N Bader charge on the ethylene FE. Reproduced with permission.[%3] Copyright 2019, Springer Nature. d)
Upper: conceptual depiction of the CIPH strategy developed by the Sargent group to regulate the local pH environment inside of MEA configurations.
Lower: SEM images of the CIPH Cu catalyst. Reproduced with permission.!'®! Copyright 2020, The American Association for the Advancement of Science.

resulted in defective sites within the pores that further elevate
the catalyst’s performance by forming the morphologically driven
adsorption strength gradients discussed previously.*>23!l Other
nanostructured catalysts, like Cu nanowires, meshes, and single-
atom Cu catalysts, have been investigated.[195:202:233.234]

Due to Cu’s favorable adsorption properties, nanostructured
and nanodefective Cu is perhaps the most thoroughly studied
catalyst morphology for forming C,, species via CO,RR.[7423]
In essence, nanodefective and nanostructured catalysts function
similarly since *C; intermediates will localize around boundary
areas between regions of different adsorption energies, which
can be achieved by either defect introduction or samples that
contain multiple crystallographic Cu facets.[*?! For single-crystal
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surfaces, it has been found that Cu (100) is more effective than
Cu (110) and Cu (111) for producing ethylene, albeit with low
FE.I236-238] In contrast, catalysts with multiple crystal faces have
been shown to provide a method of breaking the linear scaling
relationship of adsorption strength within CO,RR. For instance,
a classic example of effective CO,-to-C,H, catalysis is the usage
of Cu,O nanocubes, which possess a different crystallographic
phase on the faces (100) instead of the edges (110).72] Modeling
studies have suggested a synergistic effect exists between these
two regions, with the faces having the ability to make *CO efhi-
ciently, while the edges can promote the C-C coupling step.’]
From a mechanistic perspective, the transport of C; intermedi-
ates from the faces to the edges of the nanocubes is critical for
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Figure 12. a) TEM image of Sun et al.’'s KB@Cu;(HITP), electrode after undergoing 10 h of CO,RR at —1.25 V versus RHE. Reproduced with
permission.!?28] Copyright 2021, Springer Nature. b) HAADF-STEM image of Zhang et al.’s n-CuNS catalyst, with inset detailing the size distribution of
the defects. Reproduced with permission.[#2] Copyright 2020, American Chemical Society. c) SEM images of four different Cu-based catalysts formed by
electrodeposition in different Cu-based solutions (from left to right: CuCl, CuBr, Cul, and CuCO;). Upper: SM images before CO,RR. Lower: SEM images
after CO,RR. Reproduced with permission.['%] Copyright 2019, Wiley. d) HRTEM images of a CuO catalyst containing well-controlled, differently sized
nanocavities. Reproduced with permission.[®'l Copyright 2022, National Academy of Sciences. e) Left: FE and the current density of Jung et al.’s Cu-
based NP/C catalyst show an increase in FEgy, jene during the reaction. Right: HRTEM image depicting the Cu-based NP/C catalyst after 10 h of CO,RR.
Reproduced with permission.!2'l Copyright 2019, American Chemical Society. f) Ex-situ SEM images of the proposed dissolution/redeposition process
of degradation for Cu NPs after electrochemical treatment at —0.7 V versus RHE for 20 min and 30 min, respectively. Reproduced with permission.[®%]

Copyright 2021, Wiley.

the overall success of the catalyst, since the change in adsorp-
tion energy at the edges of the cubic structure serves to lower the
activation energy of the C-C coupling step.”?] Researchers have
developed a stronger understanding of the precise characteris-
tics of Cu,O nanocubes that promote reactivity and selectivity,
like their size and composition.l’>115:201.239] Ultimately, raw Cu,O
nanocubes are outperformed by other catalysts that use them asa
template to enhance the performance they provide, either by cre-
ating further customized nanostructures or by altering the en-
vironment in which they are tested,[102228240] which will be dis-
cussed in the next section. While it is true that these multi-faceted
structures generally outperform single-crystal catalysts, there has
also been data to suggest that high-index Cu facets can efficiently
form C,, species.”%’3] High-index facets expose a diverse set of
Cu atoms that possess different energies and adsorption proper-
ties, which could explain their elevated performance in relation
to more simple lattices.

Critically, the surface Cu nanostructures are often changed
during CO,RR, with some degree of reconstruction being ex-
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pected. Usually, this reconstruction will expose new facets as ac-
tive sites, which must be taken into account when determining
why a catalyst may or may not be performing well.[2'7-21] This
fact is essential for researchers to consider, boosting the useful-
ness of in situ observation techniques to help better describe the
actual conditions of the reaction. This effect can sometimes be
beneficial, as evidenced by the aforementioned electrochemical
pretreatment method for enhancing performance. For example,
catalysts that take advantage of the surface fragmentation effect
often see an improvement in C,, formation due to an increase
in the density of grain boundaries.[>**2**] The Kanan group il-
lustrated this effect, showing that an increase in grain bound-
aries improved the rate of CORR while not influencing HER.[243]
Further, they discovered a relationship between the microstrain
strength and the grain boundary density, which could suggest
that the fundamental cause of the enhancement is instead owed
to the internal surface forces. Similarly, Jung et al. further demon-
strated this effect by electrochemically fragmenting nanoparti-
cles to increase grain boundary density; their catalyst exhibited

© 2024 Wiley-VCH GmbH
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a gradual increase in C,H, FE before stabilizing at ~57%
(Figure 12e).2'"l Additionally, instances where ions are removed
from the surface during the reaction have shown improved per-
formance, such as halogen-leached Cu catalysts.[1%19719] For ex-
ample, Yang et al. showed a halogen-leached Cu oxide-based cat-
alyst that produced a much more diverse set of exposed crystal
facets after the reaction.['”] Obtaining a more comprehensive
and deep understanding of the mechanisms driving these pro-
cesses may allow for facile syntheses that result in very high per-
formance.

Still, reconstruction can often deactivate the catalyst by harm-
ing the integrity of the support or by negatively impacting the
valence state of the Cu active species, resulting in poor stability
within the first few hours of operation. The common causes for
this reconstruction are potential application, electrolyte effects,
and oxidation of the Cu surface.®® Potential-driven reconstruc-
tion is unavoidable for CO,RR catalysts, and has been shown
to have a profound effect on the structure of certain catalyst
morphologies.[??’] This process generally progresses as the dis-
solution and redeposition of Cu, as seen in Figure 12£.931% Re-
searchers often aim to create highly stable catalysts that do not
show obvious signs of surface reconstruction after reaction, but
these reconstruction mechanisms may be taken advantage of and
allow for stable and highly active Cu catalysts. Alternatively, for
multimetallic alloys, spontaneous phase separation likely occurs
during CO,RR operation, changing the structure of the catalyst
surface, representing a fundamental challenge for applying mul-
timetallic strategies toward CO,RR.2%]

5.3. Reaction Environment Optimization
5.3.1. Operating Temperature

In general, room temperature operation seems to be an ideal
selection for the formation of ethylene, with low temperatures
being optimal for highly reduced C; products and high tem-
peratures facilitating HER.[135246] Ag previously discussed, Tang
et al. studied the ambient temperature’s effect on the perfor-
mance of their pulsed electrode, which displayed a positive cor-
relation between the ratio of hydrocarbons to oxygenates and the
temperature.l2%] Their optimal ethylene temperature was deter-
mined to be 25 °C, which is only slightly higher than a typical
room temperature. Further, Ahn et al. conducted a similar exper-
iment in examining how the temperature affects the selectivity
of their catalyst but across a wider temperature range, observing
high *CO coverage but low coupling ability at 2 °C, high *CO
coverage, and decent coupling ability at 22 °C, and low *CO cov-
erage and high HER at 42 °C (Figure 13a).2"] For this reason,
temperature effects on CO,RR have not been a research subject
in recent years despite having a profound impact on selectivity,
simply because the ideal temperature conveniently is near room
temperature.

5.3.2. Operating Pressure
Absolute CO, feed pressure can impact the efficiency of elec-

trolyzers by increasing the availability of the reactant gas. In the
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case of CO,RR, this effect has been recorded extensively for CO-
selective systems, which suggests that higher pressures are more
conducive for higher FE .12 The rationale behind this be-
havior may be explained by an increase in CO, diffusion to the
catalyst surface, thereby increasing the amount of active sites oc-
cupied by CO, and reducing the active sites occupied by H.[?>%! In
principle, this phenomenon is rather intuitive, but other research
has shown that increasing pressure has decreased the selectiv-
ity for CO, instead promoting the formation of HCOOH.[?53] In
the case of C,, products, little research has been conducted re-
garding the effect of absolute pressure. However, some recent re-
search has indicated that iso-propanol and ethanol formation rate
can be improved using high pressures, showing reduced ethylene
formation rate at higher pressures.[2>#2%]

CO, partial pressure shows interesting behavior when exam-
ining its effect on selectivity. Based on the work of Song et al.,
the optimal CO, partial pressure is correlated with the overpo-
tential and current density.?>) The underlying mechanism be-
hind this behavior is related to the *CO, coverage at the surface
of the catalyst, since if the CO, coverage is too high, the C-C cou-
pling step may be inhibited due to an absence of suitable coupling
partners. Thus, it was found that at lower overpotential, a lower
partial pressure of CO, maximized the FEy, ..., Whereas higher
partial pressures resulted in the formation of excess CO.[>%] Be-
yond the usage of pure CO, /inert streams, CO,/CO co-streams
have been investigated as well, which predictably allow for the en-
hancement of C,, product synthesis.[®#257] Contrarily, other stud-
ies have shown that increasing the ratio of CO to CO, in these
co-feeds results in a selectivity profile shift, such as from ethy-
lene to acetate.[®8] More research should be done to determine
how these aspects can affect the overall performance of CO,RR
electrolyzers.

5.3.3. Electrolyte Selection

The selection of a proper electrolyte and molarity has been under
debate and development for some time. Recently, impressive re-
sults from increasing the molarity of commonly used KOH elec-
trolytes have shown that high alkalinity electrolytes can promote
the electrochemical performance of CO,RR. In the aforemen-
tioned report from Chen et al., the effect of changing the molar-
ity of the KOH electrolyte was observed and profound enhance-
ments in ethylene FE (72% to 87%), overpotential (—0.97 V to
—0.47 V), and onset potential (—0.47 V to —0.17 V) were recorded
thanks to a higher surface pH, which further facilitated the stabi-
lization of intermediates and the improved the *CO coverage of
their polyamine-incorporated Cu catalyst.[*!! Further, it has been
shown that the local pH at the surface of a C;O,RR catalyst is
higher than that of the bulk electrolyte due to the consumption
of protons and the attraction of OH~ ions.[2%:260]

These results are corroborated by Garcia de Arquer et al. and
Dinh et al., both of whom achieved an increase in catalyst per-
formance as a result of raising the molarity of the electrolyte be-
ing used. In particular, Dinh et al. reported a sputtered Cu-based
PTFE catalyst that achieved 70% ethylene FE at current densities
ranging from 275 to 750 mA c¢m~2, with remarkably low onset
potentials of —0.11 V for CO and —0.165 V for ethylene and sta-
ble operation for 150 h (Figure 13b).[”] As discussed, there must

© 2024 Wiley-VCH GmbH
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Figure 13. a) Effect of the reaction temperature on the FE of CO,RR. Reproduced with permission.[297] Copyright 2017, Elsevier. b) Linear sweep
voltammetry tests depicting the effect of the molarity of a KOH electrolyte on the current density of low-overpotential CO, reduction. Reproduced
with permission.l®”] Copyright 2018, The American Association for the Advancement of Science. c) Various FEs obtained via CO,RR for a Cu catalyst
in varied concentrations of KHCO; electrolyte. Reproduced with permission.[?4’] Copyright 2016, Elsevier. d) FE effect of different types of electrolytic
anions contained within K-based electrolytes. Reproduced with permission.[243] Copyright 2018, Wiley. e) Left: product distribution of a Cu catalyst in
different cations within -OH based electrolytes. Right: effect of the cation within -OH based electrolytes on the concentration of CO, at the surface of a
Cu cathode. Reproduced with permission.[?#’] Copyright 2019, American Chemical Society. f) Left: surface-enhanced Raman spectroscopy (SERS) data
showing a Cu-based catalyst’s response to shifting applied potentials. Peak a represents KHCO3, peak b represents K,COj3. Right: current density and
electrolyte pH for a Cu catalyst when exposed to different potentials. Reproduced with permisssion.!9l Copyright 2021, American Chemical Society.

necessarily be some gap between the onset potentials for each,
but the dramatic increase in the pH of the electrolyte significantly
shrunk the difference due to the very inefficient *CO desorption
rate from OH™ ion blockages at the surface of the catalyst. Fur-
ther, these OH™ ions interact with the intermediates and promote
C-C coupling due to induced dipoles on C atoms from the highly

negatively charged electrolyte in relation to the positively charged
cathode. Importantly, potentials in this range are low even for
HER, meaning that the voltage applied to the catalyst in these
systems may not be enough to facilitate HER side reaction. In
terms of electrolyte selection, they found that KOH was indeed
the most optimal electrolyte for their system. Parallel to these

Adv. Energy Mater. 2024, 14, 2401558 2401558 (24 of 33) © 2024 Wiley-VCH GmbH

d €€ YTOT "0V89T191

sdny wouy

) SUONIPUOD) puE SWIA, 31 3§ *[SZOZ/L0/20] U0 Kreiqr aurfuQ 31 A *onakese ] 1e euelsoT Jo ANsIoAtun) £q §5ST10¥Z0OT WUR/ZO0T 01 /10p/woo KA £.

sdny

10)/wod Kapim &

P!

ASUADIT suOWWo)) 2aneAI) d[qearidde ay) £q pauseaos aue s3[dMIE YO aSN JO SN 10§ Kreiqi] duruQ LI UO (¢


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

results, decreasing the concentration of more acidic electrolytes
has also been found to increase the selectivity for ethylene, indi-
cating that neutral electrolytes will likely need to be relatively di-
lute to obtain high-performance C,, formation (Figure 13c).2*’]
Although high pH electrolytes have been shown to allow for bet-
ter product selectivity, there are still major reasons for increas-
ing the efficiency of neutral and acidic electrolytes. Specifically,
using an alkaline electrolyzer for CO,RR has fundamental chal-
lenges regarding system stability due to the precipitation of salts
within the GDL and inside the gas flow field, not to mention CO,
crossover. Furthermore, within high-efficiency zero-gap MEA
configurations, the IEM interfaces directly with the catalyst sur-
face. PEMs generally outperform AEMs due to a smaller ion size
and more efficient ion permeability. However, this is currently
a major issue due to catalysts having an intolerance for low pH
environments.

However, the selection of certain electrolytes has been shown
to affect the procession of HER on CO,RR electrocatalysts.
Namely, KCl and K,SO, have been shown to adsorb more
strongly to the catalyst surface and prevent the adsorption of H to
the surface, thereby increasing the surface pH of the catalyst.[>*%]
A chief concern for the electrolyte is the formation of an ideal
inner/outer Helmholtz layer and electrolytes like KCl or KHCO,
can be used to adjust the properties of the adsorption of species to
the surface of the catalyst.[?!] In a study by Huang et al., the effect
of the type of electrolyte anion (Cl~, Br~, I", and ClO,~) was ana-
lyzed, showing enhanced FEs for ethylene when KI and KBr were
utilized (Figure 13d).[2*®] Based on in situ Raman spectroscopy,
the authors concluded that a red shift of varying strength ex-
isted in the C-O stretching band depending on the electrolyte
used, indicating a weakened vibrational energy. This red shift cor-
related with the production of C,, species across the different
electrolytes on the order of KI > KBr > KCI > KClO,, suggest-
ing that the local binding environment was adjusted based on
the anionic species used. Alternatively, different cation compo-
nents may be utilized for CO,RR, which show a distinct ability
to suppress HER. It has been found that Li- and Na-based bi-
carbonate electrolytes are poor for the enhancement of CO,RR
due to rampant gaseous H, formation, whereas larger group 1
metals like K, Rb, and Cs all improve CO,RR (Figure 13e).[2*]
The reasoning for this behavior can be understood by examin-
ing the effect of the cations within the outer Helmholtz layer,
which shows a relationship between the cation size, local pH,
and the concentration of CO, at the surface of the catalyst.[2*]
Specifically, small ions like Li* and Na* coordinate with the wa-
ter molecules within the Helmholtz layer and reduce the buffer-
ing capability of the electrolyte at the catalyst surface. Meanwhile,
larger ions like K*, Cs*, and Rb* all possess a higher pK, for hy-
drolysis, allowing the electrolyte at the surface to have a higher
CO, concentration, thereby enhancing CO,RR and suppressing
HER. Similarly, it has been found that potential application on
Cu electrodes also induces a negative pH shift as the potential
magnitude increases, all of which may have a direct impact on
the catalyst structure (Figure 13f).°l The change in pH is unre-
lated to the progression of CO,RR, since the pH reduces before
the onset of CO,RR. Thus, this behavior is likely due to the alter-
ation of the Cu surface itself, which the authors attribute to the
formation of a thin malachite (Cu,CO;[OH],) phase on the sur-
face of the electrode. The presence of a CO,2~ layer atop the elec-
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trode decreases the local pH even when there is no CO,RR tak-
ing place within KOH electrolyte. Obtained surface-enhanced Ra-
man spectroscopy w(SERS) spectra support this claim, showing
the depletion of KHCO, and replacement with K,CO, peaks as
the applied potential becomes more negative. There remains op-
portunity to investigate the role of the electrolyte within CO,RR,
such as using new electrolytes as well as mixed electrolytes to in-
crease the efficiency.['>7:234262]

CO,RR taking place in acidic conditions is a major challenge,
however there are promising results that indicate it still is possi-
ble to obtain high-efficiency conversion. A fundamental problem
with using neutral and basic electrolytes in for the CO,RR is the
loss of CO, to CO;%~ formation, which becomes highly problem-
atic for extended reaction mechanisms like C,H, formation.[?!%]
Concurrently, neutral and alkaline electrolytes allow for the trans-
fer of species across the AEM, resulting in the loss of liquid
product.'*] Although this is not particularly relevant for C,H,
in isolation, any C,, product formation usually results in the
formation of multiple types; thus, part of the value of a CO,-to-
C,H, electrolyzer lies in the formation of these liquid products
(ethanol, acetate, etc.).[1*15% The crossover of liquid products and
generation of excess CO,2~ in the electrolyte hampers the SPC
of the system overall.l'**] Further, if these lost products and CO,
stored as CO,%~ are to be recovered from the electrolyte, addi-
tional processing is required that increases the costs associated
with C,H, production.’> The challenge lies in the suppression
of HER, but has been shown to be achievable through the rational

design of catalyst materials, even in systems looking to produce
C,H, [168.263264]

6. Summary and Current Perspective

CO,RR remains a challenging but enticing technology for con-
trolling the effects of utilizing anthropogenic energy sources
on the atmosphere. Currently, CO electrosynthesis remains the
most applicable variety of CO,RR thanks to its relatively low
complexity and natural HER suppression due to its equilibrium
potential.[814265] Nevertheless, dramatic progress has been made
toward allowing for efficient ethylene formation through CO,RR,
which is much more environmentally friendly when compared to
steam cracking, the current industrial method for ethylene syn-
thesis. With the advancement of CO,-to-ethylene conversion, it
is possible to simultaneously reduce CO, emissions and elim-
inate a current source of CO, emission by replacing it with
CO,RR. Naturally, this will take time and concerted effort from
researchers to develop new strategies in designing efficient ethy-
lene electrosynthesis systems.

There are many avenues that can be taken to improve the
performance of ethylene selective CO,RR electrocatalysts, how-
ever, these changes typically relate to only a few properties.
As discussed previously, the key challenge for CO,RR toward
C,, is selectivity, both in obtaining a specific CO,RR product
and suppressing the formation of H, via HER. Plenty of differ-
ent methods have been developed for modulating the selectiv-
ity of catalyst surfaces, but in principle, these approaches gener-
ally affect the same characteristic: adsorption strength. Adsorp-
tion strength represents the most critical component for C,,
product formation, as creating a high surface concentration of
available and mobile *C, intermediates is critical for producing
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C,, species.?¥%5] While Cu is the only material that has been
observed to possess the electronic structure necessary for this
application, there are a plethora of novel strategies recently devel-
oped by researchers to organize an ideal surface state with abun-
dant *C, intermediates. Due to the narrow potential range for
C,. products, overpotential does not have a strong impact on the
distribution of multicarbon products, meaning that the catalyst
must be rationally designed in such a way that the undesirable
reaction pathways are effectively discouraged. Although C,, for-
mation does necessarily require higher overpotential when com-
pared to lightly reduced C, species, in many cases, the limiting
parameter is actually the concentration of *C; on the surface
rather than the energetic requirements. Thus, by maintaining a
high concentration of *C,, the overpotential necessary to form
C,. species can be reduced and, by extension, the energy require-
ment.

The reduction of overpotential has many interesting conse-
quences on practical CO,RR applications beyond simply allowing
for lower energy usage. For the high-current, industrially appli-
cable cell configurations, a GDL is necessary for allowing ideal
interaction between the solid catalyst surface, liquid electrolyte
phase, and gaseous CO, reactant. Due to potential application
during CO,RR, the hydrophobic GDL may become hydrophilic
through an electrowetting process, interrupting the formation of
the desired triple-phase interface.['”] The severity of this elec-
trowetting phenomenon is directly correlated with the magnitude
of the potential applied, suggesting that by lowering the neces-
sary potential application, the system stability of the reactor as a

www.advenergymat.de

whole may be enhanced. Additionally, by reducing the required
potential for the formation of the desired CO,RR product, typi-
cally the progression of HER will be suppressed simply due to
the expansion of their equilibrium potential difference.

Unfortunately, another key challenge for applying CO,RR
within industrial settings is its application in flow-type cell con-
figurations and MEAs. While the integrity of the GDL may be pre-
served by lowering the applied potential, CO,RR catalysts thus far
have primarily been designed and optimized within alkaline con-
ditions. Given the competitive HER side reaction, alkaline con-
ditions naturally allow for a higher preference for the desired
CO,RR product.””] Within MEAs, the CO,RR catalysts are typ-
ically deposited and interface with the IEM directly; however,
current AEMs are not as efficient as PEMs due to the transfer
of heavier hydroxide ions rather than very small protons, not to
mention significant issues with CO, utilization and SPC.[1%.112]
While operating an MEA electrolyzer with an AEM is possible,
the overall resistance within the cell is elevated, and more impor-
tantly, CO, crossover becomes a significant concern.[2602¢7] Ide-
ally, CO,RR catalysts would be improved to a point where HER
progression becomes highly suppressed, allowing for operation
in low pH conditions. Some progress has been made with apply-
ing lightly reduced C, products within acidic electrolytes. How-
ever, conducting C,, electrosynthesis in acidic environments has
been challenging.[*¢”]

Additionally, stable performance has been mostly neglected as
a primary concern for CO,RR catalysts. Regarding industrial ap-
plication, high stability catalysts are imperative for the eventual

Table 2. Summarization of a selection of high-performance ethylene selective CO,RR catalysts. The potential reported for MEA-style electrochemical
cells is in terms of overall cell voltage, whereas in cathodic potential for H- and flow- configurations.

Catalyst Name FE [%] Current Density Potential [V vs RHE] Lifetime [h] Cell Type Refs.
[mA cm™2]
CH,y Cor H,
CuO/Al,Cu0, 70.1 71 1 600 -2.031 100 GDE [15]
PTFE with Cu and CNPs 66 83 5 275 -0.54 150 GDE [97]
DVL Cu 84.5 85 10 200 0.8 55 GDE [96]
Polyamine entrained Cu 72 90 3 433 -0.97 3 GDE [47]
Cu(OH)F 65 80 6 1600 -0.89 40 GDE [54]
Cu/Cul 33 71 1 894 -1.0 85 GDE [199]
3D Cu mesh 58 65 15 527 -1.2 10 GDE [234]
Cu-TABQ 53.1 63.2 20 423 -1.17 10 GDE [202]
Electrodeposited CuAg 60 85 10 300 -0.7 - GDE [76]
Organosuperbase Cu 50 80 10 200 -1 7.5 GDE [225]
Cu(OH),-D 58 87 8 250 -0.54 10 GDE 71
Cul 45 80 22 39 0.9 - H [105]
Branched Cu NPs 70 70 30 30 -1.05 12 H [102]
Nanodefected Cu 83 83 16 65 -1.18 14 H [42]
Pulsed Cu cathode 42 81 1 14 -0.8 - H [208]
Self-cleaning Cu NPs 55 80 - 138 3.8 157 MEA [113]
Cu-KOH 545 78.7 - 281 -3.25 6 MEA [136]
Cu-CTPI 66 - - 315 3.9 100 MEA [110]
Standard Cu with CIPH 52 - 10 1000 3.9 60 MEA [16]
Cu-Si0,-2.5 64 - 13 300 -4.2 55 MEA [28]
Cu-12 64 - 8 600 -3.65 190 MEA [65]
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application of CO,RR at large-scale. Overall, more effort should
be dedicated to identifying the degradation mechanisms relevant
to CO,RR. From a catalyst surface perspective, Cu-based mate-
rials have a weakness in that they are easily oxidized and tend
to reconstruct relatively easily.>8] Therefore, new strategies to
assist in maintaining Cu electrode structure are a valuable and
promising path toward realizing high-stability Cu-based CO,RR
systems. Crucially, the stability of these CO,RR systems depends
not only on robust catalyst structure but also on the stability of the
components within the reactor system. Researchers should also
consider optimizing the efficiency of the reactor components’ to
prevent processes like flooding or the deposition of bicarbonate
salts within GDLs. Furthermore, additional work should be ded-
icated to developing techniques to allow the marriage of CO,RR
and MEA function to prevent challenges like CO, crossover dur-
ing operation, which can harm stability, CO, utilization, and over-
all performance.[266:268]

A variety of effective methods have been demonstrated to
positively impact the catalyst and system properties of CO,-to-
ethylene processes, and a selection of the most notable exam-
ples has been organized and tabulated in Table 2. Throughout
this review, we have discussed the principles and concerns re-
lated to CO,RR, the benchmarks required of CO,RR technology,
the governing conditions that guide CO, electroreduction, and
the effective strategies implemented by scientists to utilize these
fundamental principles of CO,RR to fabricate efficient and effec-
tive electrocatalysts. These strategies may be built upon further
to produce more optimized catalyst variations and combined to
manufacture an ideal reaction system for promoting ethylene.
CO,RR as a field of study is in a critical stage of development,
where the mechanisms and extent to which conditions affect
these mechanisms are not fully understood due to the elaborate
and convoluted CO,RR pathways. However, powerful in situ ob-
servation protocols and accessible advanced DFT analysis tech-
niques have recently allowed for a much deeper understanding
of the influence of *C, intermediate formation.>>26126%1 Never-
theless, more progress is needed for implementing ethylene-
selective CO,RR in industrial settings, which represents a large
step toward remedying the current climate crisis faced by the
world today. This improvement should be considered holis-
tically, such that both CO,RR reactor conditions and cata-
lyst design work in tandem to enable high-efficiency ethylene
electrosynthesis.
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