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ABSTRACT

The global concerns of energy crisis and climate change, primarily caused by carbon dioxide (CO,), are of
utmost importance. Recently, the electrocatalytic CO, reduction reaction (CO,RR) to high value-added
multi-carbon (C,.) products driven by renewable electricity has emerged as a highly promising solution
to alleviate energy shortages and achieve carbon neutrality. Among these C,. products, ethylene (CoHy4)
holds particular importance in the petrochemical industry. Accordingly, this review aims to establish a
connection between the fundamentals of electrocatalytic CO, reduction reaction to ethylene (CO,RR-
to-C;Hy) in laboratory-scale research (lab) and its potential applications in industrial-level fabrication
(fab). The review begins by summarizing the fundamental aspects, including the design strategies of
high-performance Cu-based electrocatalysts and advanced electrolyzer devices. Subsequently, innovative
and value-added techniques are presented to address the inherent challenges encountered during the
implementations of CO,RR-to-C,H,4 in industrial scenarios. Additionally, case studies of the techno-
economic analysis of the CO,RR-to-C;H4 process are discussed, taking into factors such as cost-
effectiveness, scalability, and market potential. The review concludes by outlining the perspectives and
challenges associated with scaling up the CO,RR-to-C;H, process. The insights presented in this review
are expected to make a valuable contribution in advancing the CO,RR-to-C,H,4 process from lab to fab.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

The disruption of nature’s balance caused by global warming
can trigger a range of issues, including rising temperatures, sea
levels, and risks to human health. Consequently, the Paris Agree-
ment aims to curb the temperature increase to 1.5 °C by calling
for appropriate measures to be taken by the international commu-
nity [1,2]. In addition to global warming, the energy shortage crisis
is also a matter of concern for the world. Due to its low develop-
ment costs and mature conversion technologies, fossil fuels cur-
rently account for more than 80% of global primary energy [3].
However, with the world population growing rapidly, the demand
for fossil energy is expected to triple in the next 30 years, resulting
in an imbalance in resource supply and demand [4]. The burning of
fossil fuels for almost a century has resulted in the release of large
amounts of greenhouse gases, primarily carbon dioxide (CO,). In
2022 alone, approximately 36.1 gigatons (Gt) of CO, gas was
released into the atmosphere, posing a significant threat to ecolog-
ical stability [4,5]. Therefore, there is a consensus to decarbonize
the energy system and transition to green energy.

In light of global warming and the need for alternative energy
sources, green energy technologies have emerged as a viable solu-
tion. As the transition to sustainable energy progresses, the effi-
cient operation of power systems relies heavily on
electrochemical energy storage [6]. The interconnectedness
between various forms of energy is essential for adjusting the
social energy structure and facilitating energy transformation.
Electrochemistry offers an opportunity to convert electrical and
chemical energy interchangeably. In the realm of renewable
energy technologies, electrocatalysis plays a crucial role in the
energy conversion process, particularly in fuel cells and electrolyz-
ers. Sustainable fuel synthesis through electrocatalysis encom-
passes various strategies such as electrocatalytic reduction of
nitrogen to ammonia |[7-9], electrocatalytic conversion of light
alkanes to value-added chemicals [10-12], and electrochemical
CO, reduction reaction (CO,RR) to hydrocarbon products [13-15].

CO, is an inherently stable molecule, characterized by its sym-
metric molecular structure. The presence of carbon in its highest
oxidation state enables the acceptance of electrons, resulting in
the generation of a wide range of reduction products [16]. Numer-
ous research teams have been actively investigating various path-
ways for the selective conversion of CO, employing
electrocatalysis, photocatalysis, thermocatalysis, and biocatalysis.
Among these approaches, electrochemical CO,RR has emerged as
a highly promising technology for efficient conversion with a
higher step and atomic economy, and lower energy costs. The
advantages of CO,RR include: (1) a relatively mild energy conver-
sion process that does not necessitate significant additional heat
input [17,18]; (2) minimal usage of chemicals, with water or
wastewater as the primary byproducts [19]; (3) compact and
adaptable reactors can be easily designed and scaled up as per
requirement [20,21]; (4) utilization of renewable sources of elec-

542

Journal of Energy Chemistry 90 (2024) 540-564

tricity such as solar, tidal and geothermal energy, without further
CO, emissions [22,23].

The pioneering work by Hori et al. shows that CO,RR can pro-
duce a wide range of carbon products depending on the catalyst
used [24]. The process of CO,RR involves a transfer of protons
and electrons and consists of multiple steps. It is responsible for
converting CO, into valuable chemicals and fuels, specifically C,
compounds such as carbon monoxide, methane, methanol and for-
mic acid, as well as C; compounds like ethanol, ethanoic acid and
ethylene (Table S1) [25-27]. Among these products, ethylene
(CoHy) is particularly noteworthy as it serves as a primary raw
material for the production of plastics, catalysts, and cleaners.
The global annual production capacity of C;H,4 currently stands at
approximately 200 million metric tons, making it one of the most
important organic chemicals [28-30]. The traditional methods for
producing C,H,4 involve high energy and CO, emissions, as they
rely on steam cracking of naphtha (Europe, Asia) and natural gas-
derived ethane (North America) [31]. Given the significant market
size and high prices of C;H,4, ranging from 600 to 1200 dollars per
tonne (depending on region), it is a highly promising target for
CO,RR to produce C,H4 [23,32-34]. However, to date, there are
several technical hurdles that must be addressed to produce C;Hy
from laboratory research (lab) to industrial applications (fab) via
CO3RR. One of the main obstacles is maintaining high selectivity
while achieving high reaction rates, with a desired Faradic effi-
ciency (FE) exceeding 60%. Additionally, there is a need to reach
heightened reactivity, characterized by a current density surpass-
ing 200 mA cm 2, which presents a significant challenge. Further-
more, ensuring sustained operating stability at low cell potentials
is critical and requires careful consideration [35].

In the realm of electrocatalytic CO, reduction reaction to CoHy
(CORR-to-C;Hy), there exists several review articles that delve
into different facets of this topic, e.g., exploring the rational design
of efficient electrocatalysts and offering insights into the underly-
ing reaction mechanisms [14,36,37]. Nevertheless, these articles
fail to review and bridge the gap between fundamental research
and real-world applications of CO,RR-to-C;H4 neglecting to
address the hidden issues in this field. In light of this, the purpose
of this paper is to provide a review of the CO,RR-to-C;H4 process
from lab to fab. Our objectives are to primarily focus on robust
cathodic materials, advanced electrolyzer devices, innovative elec-
trolysis technologies, and the potential economic feasibility of the
CO,RR-to-C,H4 process. The review commences by presenting an
overview of various strategies employed in the development of
electrocatalysts, with a particular emphasis on rational design
principles aimed at enhancing their commercial viability. Subse-
quently, recent research advancements related to electrolyzer
devices are discussed, encompassing reactor construction, bench-
marked working parameters, and the optimization of gas diffusion
electrodes (GDE), thereby providing holistic insights into these
critical aspects. Additionally, the review explores innovative per-
spectives on CO,RR-to-C;H, systems, such as electrocatalyst
screening through machine learning, value-added co-electrolysis,
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cascade processes, and cell stacking. Finally, the paper concludes
with a techno-economic analysis (TEA) that summarizes the eco-
logical and commercial assessments of the laboratory-derived CO,-
RR-to-C,H,4 systems.

2. Design strategies of Cu-based electrocatalysts

The CO,RR-to-CyHy, is a sophisticated process that involves mul-
tiple proton-coupled electron transfer steps, making it more intri-
cate than hydrogen evolution reactions (HER) and other electrode
reactions (see reaction network of CO,RR in Fig. S1) [23,27,38]. This
complexity poses a challenge in achieving catalysts with high-
performance and uniform active sites as well as difficulties in sep-
arating the resulting products. Additionally, the lack of under-
standing of reaction mechanisms and active sites further
complicates the optimization of electrocatalytic structures and cat-
alytic performance. Consequently, a deeper comprehension of the
structure-function relationships in electrocatalysis is imperative
for modifying electrocatalyst structures and enhancing catalytic
performance.

Cu-based materials are highly regarded as the most promising
electrocatalyst for the CO,RR-to-C,H,4 process. One advantageous
characteristic of Cu is its abundance, as the U.S. Geological Survey
estimates a vast reserve of 210 million tons of exploited Cu
resources [39]. Moreover, Cu is economically favorable, with a
market price of only $9 per kilogram [40,41]. More importantly,
previous studies have indicated that among metallic materials,
only Cu-based materials possess the appropriate adsorption
strength for *CO, an important reaction intermediate for CO,RR
[25,42-44]. For C;H4 electrosynthesis, the C-C coupling process
is of great significance. Too weak or too strong *CO binding
strength can lead to the production of C; compounds, thereby
inhibiting the progression of C-C coupling [25,36,45-48]. Never-
theless, the current lack of commercially viable cathodic catalysts
arises from the low selectivity of Cu-based electrocatalysts. There-
fore, this section aims to explore the design strategies for cathodic
catalysts and their structure-function relationships in the CO,RR-
to-C,H4 process (Table S2).

2.1. Surface functionalization

Surface functionalization is one such method that involves
grafting specific groups or function-guidance molecules onto the
material’s surface to enhance its catalytic properties [49-51]. This
approach combines the benefits of both homogeneous molecular
systems and heterogeneous electrocatalysts [50,52,53], and can
stabilize the microstructure of the material’s surface while pre-
serving the active sites. Additionally, surface modifiers can modu-
late the electronic structure of the catalyst’s surface, leading to
improved adsorption energy for specific reaction intermediates
and enhancing the electron selectivity for the desired product
(e.g., CoHy), while inhibiting the side reaction of HER [49,54].

The incorporation of surface functionalization has been proven
to be an essential approach in stabilizing microstructures, optimiz-
ing the adsorption mode of reaction intermediates, and accelerat-
ing the mass transfer process [50,52]. Various surface additives,
such as polyquinone [55], cysteamine [56-58], polypyrrole [59],
polyaniline [60], and N-aryl-pyridinium organics [23], have been
reported as effective in achieving these objectives. Previous studies
have shown that organohalide salt additives in electrolytes can
achieve reductive electro-dimerization process through generating
organic films on the surface of Cu. For instance, N,N'-ethylene-phe
nanthrolinium dibromide has been observed to optimize the
dimerization mechanism on the Cu surface [61]. Furthermore,
the in situ electrodeposited organic film provides additional
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protection to the nanostructure of the Cu surface during the elec-
trocatalytic process. Consequently, the combination of the molecu-
lar additive with the Cu electrode has resulted in a significant
enhancement of C,. products (FEc,. > 78%, FEcons > 45%), as illus-
trated in Fig. 1(a) [62]. This in situ combination strategy involving
organohalide additives and polycrystalline Cu electrodes leads to
the stabilization of the electrocatalyst surface with active sites. In
addition, the spatial distribution of the aromatic molecules and
their electronic structure play a crucial role in influencing the elec-
trode roughness and the peripheral electron density, thereby
impacting the current density and overall selectivity. Moreover,
the modification of Cu with N-aryl-substituted tetrahydro-
bipyridine films and derived oligomeric films has been found to
greatly enhance C,H, selectivity, as demonstrated by FEcyp4 of
72% (Fig. 1b). Through electrodeposition, the organic film stabilizes
the atop-bound *CO intermediate and promotes the coupling pro-
cess of bridge-atop bound *CO, thereby facilitating the CO,RR-to-
C,H4 process. As a result of these properties, the N-aryl pyridine
salt-modified Cu electrode retains high selectivity and reactivity
towards CH4, with long-term operating stability of up to 190 h
in the membrane-electrode-assembly-based system [23].

In the context of CO,RR, researchers have explored the use of
hydrophobic polymers [54,63,64] and functional organic layers
[65] to restrict water diffusion to the electrode surface, while also
stabilizing electrode structure and optimizing adsorption energy.
Hydrophobic layers such as 1-octadecanethiol [54,66], polyte-
trafluoroethylene (PTFE) [67], and poly vinylidene difluoride
(PVDF) [68] have been employed to bypass HER and enhance C-C
coupling. This promising design strategy involves the combination
of Cu dendrites with 1-octadecanethiol to create superhydrophobic
surfaces that can significantly reduce FE of HER (from 71% to 10%)
while improving the selectivity of CO,RR-to-C;H4 (Fig. 1c¢) [66].
This strategy restricts water transport and forms the triple-phase
boundary (TPB), effectively trapping CO, gas and increasing the
local CO, concentration on the cathode surface. Consequently,
there is a notable increase in Cu-*COOH and the subsequent forma-
tion of Cu-*CO over the surface, resulting in enhanced efficiency in
C-C coupling and further C;H,4 formation [66]. Surface functional-
ization of electrodes with organic compounds thus presents a
straightforward, controllable, and cost-effective approach for tun-
ing the activity and selectivity of cathodic catalysts.

2.2. Morphology control

Numerous studies have confirmed the significant role that the
morphology of electrocatalysts play in the heterogeneous catalytic
reactions [69-71]. When developing electrocatalysts, researchers
typically focus on two-dimensional scales, specifically the nanos-
cale and microscale, in their exploration of cathode morphology.
At the nanoscale, catalyst design strategies include manipulating
crystal facets, grain boundaries and defects [72-74]. Altering the
nanoscale morphology can have a positive impact on the electronic
structure of the catalyst surface, leading to improved utilization of
active sites. Besides, alterations in material shape at microscale
tend to physically alter the local microenvironment, affecting fac-
tors such as the local concentration of CO, and H*, and the elec-
trode wettability [75-78]. Material morphologies are commonly
controlled by introducing defects and the exposure of different
facets. Therefore, this subsection places particular emphasis on
defects and crystal facets to explore their structure-function rela-
tionships during the CO,RR-to-C;H,4 process.

2.2.1. Defects

In metallic crystalline materials, defects serve as indicators of
disorder within the periodic structure [72,79], These defects can
be classified into four types based on their dimensionality: 0 D
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Fig. 1. (a) Synthesis, crystal structure, and selected structural parameters (A) of surfactant. Schematic illustration of FEs towards gas products on Cu electrode depositing with
N-substituted pyridinium additives. Reproduced with permission from [62]. Copyright 2022 American Chemical Society. (b) Synthesis pathway of the N-aryl-pyridinium
organics and FE toward C;H,. Plots of electron density difference for the CO adsorption with one water layer and the tetrahydro-bipyridine. Reproduced with permission from
[23]. Copyright 2019 Springer Nature. (c) Diagram of mass transport of reactants and product formation on the electrode surface during CO,RR-to-C,H,4 process by wettable
and hydrophobic dendrite. FEs toward H,, C; and C, products. Reproduced with permission from [66]. Copyright 2019 Springer Nature.

defects (point defects), 1 D defects (line defects), 2 D defects (sur-
face defects), and 3 D defects (spatial defects) [76,80]. Controlling
the introduction of defects has gained significant attention as a
means of modulating the catalytic performance of catalysts. This
is because defects can create active sites and mass transfer chan-
nels, as well as alter the coordination mode, local microenviron-
ment, and electronic structure [72,79]. Various types of defects,
including pores, vacancies, lattice distortions, and grain bound-
aries, have been intentionally introduced into Cu-based catalysts
for CO,RR-to-C,H,4 process [76,80-82]. Research has demonstrated
that effective control of defects can promote the formation of C,.
products in CO,RR [80-84].

In previous studies, it has been reported that the introduction of
defects during the catalyst synthesis process often leads to the for-
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mation of lattice dislocations, accompanied by changes in com-
pression or stretching in the corresponding areas [79,82]. These
nanoscale defects offer several advantages, including the optimiza-
tion of active sites, enhanced conductivity, and stable adsorption
sites. Specifically, defects in the metallic material serve as highly
reactive sites, promoting the adsorption of intermediates on the
cathodic catalyst surface. Recent research has explored the rela-
tionship between the stability of CO,RR-to-C,;H4 and the density
of defects in catalyst materials [82]. It has been observed that the
incorporation of crystal defects can enhance catalytic stability by
circumventing carbon deposition, which in turn leads to the gener-
ation of CH4 (Fig. 2a). Furthermore, the presence of defects not only
prevents catalyst poisoning but also increases the coverage of *CO
on the electrode surface and improves the efficiency of C-C
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coupling. Notably, Cu nanoneedles with defects have demonstrated
a high selectivity for CoHy (FE > 62%) (Fig. 2a). Furthermore, the sta-
bility of the Cu nanoneedles during the reaction is positively corre-
lated with the density of externally introduced crystal defects [82].

Electrochemical pulse potential treatment, as a cost-effective
and straightforward method for introducing defects, offers various
advantages over other methods [76,79,81]. The electrochemically
treated cathode catalyst demonstrates enhanced stability within
the electrochemical triple-phase boundary. Furthermore, the treat-
ment process has the potential for industrialization by increasing
the number of electrodes through parallel processing of Cu foil
and expanding the electrode size to meet practical application
requirements. The surface of the Cu foil after pulse potential treat-
ment exhibits abundant defects (Fig. 2b), leading to increased
adsorption of *CO on the catalyst surface, a higher roughness fac-
tor, and a higher electrochemical active surface area of the elec-
trode (Fig. 2b, left panel). Remarkably, the cathodic catalyst
treated with pulse potentials achieves a high FEcyps (>60%) at a
potential of —1.0 V, and it exhibits unprecedented working stabil-
ity, operating reliably in the CO,RR-to-C;H, process for over
6 months (Fig. 2b, right panel) [81]. Although the structure-func-
tion relationships between the defective Cu substrate and CO,RR-
to-C,H4 remain poorly understood, the electrochemical treatment
strategy is intriguing due to its ability to significantly enhance
electrolytic stability. Other studies have also demonstrated the
performance-enhancing effects of introducing defects in Cu-
based nanomaterials for CO,RR [76,80,84]. However, there is lim-
ited research on controlling the number and distribution of defects.
Thus, it is imperative to analyse the structure-function relation-
ships between defects and catalytic performance to develop defect
engineering strategies.

2.2.2. Crystal facets

The process of modifying the exposed facets of catalysts, com-
monly referred to as “facet control”, is widely recognized for its
effectiveness in altering catalytic performance for various chemical
reactions [73,74]. This technique involves selectively tuning the
exposed crystal facets of catalysts by regulating nucleation rates
or employing capping agents. Recent studies have revealed that
different facets of Cu-based catalysts possess distinct atom
arrangements and surface energy, which significantly influence
the activity and selectivity of CO,RR [77,78,85,86]. For instance,
Cu(111) facets promote CH, production, while Cu(100) facets are
known for *CO dimerization, resulting in CoH4 formation during
the CO,RR process. Cu metal possesses a thermodynamically stable
face-centered cubic crystalline phase. By employing kinetic and
thermodynamic control, Cu nanocrystals (NCs) with various mor-
phologies, such as O-dimensional nanoparticles, 1-dimensional
nanowires, and 2-dimensional nanosheets, can be synthesized.
Furthermore, it is possible to achieve controlled design of Cu poly-
hedra that expose the desired crystal facets [77,87].

To examine the correlation between the structure and function
of Cu nanocatalysts, Gregorio et al. synthesized catalysts in various
shapes, such as spherical, cubic, and octahedral shapes, which
exposed distinct Cu facets (Fig. 3a) [77]. The CO,RR performance
of different Cu nanocatalysts was subsequently assessed using a
flow-cell at ampere-level current densities in a 1 M KOH solution.
The results indicate that the cubic Cu NCs with exposed (100)
facets display an improved C,H, selectivity (up to ~57%) and a
mass activity of 700 mA mg~'. Conversely, the octahedral Cu NCs
with exposed (111) facets exhibit an enhanced methane selectivity
(up to ~51%) with a mass activity of 1.45 A mg~' (Fig. 3b) [77].
Hence, an increase in the proportion of Cu(100) facets among the
exposed facets proves effective in promoting C,H, formation. To
achieve this, Li et al. designed a Cu NC with a higher ratio of Cu
(100) facets to Cu(111) facets by selectively coating the Cu(111)
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surface with an ultrathin Al,O5 layer (Fig. 3¢), resulting in a higher
FEc,n4 of 60.4%. The FE ratio of C;H,4 to CH,4 for Al,03-coated Cu NCs
is 22 times greater than that of pristine Cu NCs (Fig. 3d) [78]. Nota-
bly, Cu catalyst synthesized via electrodeposition under a CO,
atmosphere (Cu-CO,) exhibits a 70% increase in the ratio of Cu
(100) facets to total facets area compared to that electrodeposited
in a N, atmosphere. Consequently, the Cu-CO, catalyst achieved a
hlgh FEcona of 65% (Flg Be) [75]

2.3. Alloy system construction

The utilization of nanostructured alloys has proven effective in
catalysing heterogeneous electrocatalytic reactions. This efficacy
can be attributed to various factors, such as the alloy’s capacity
to enhance product selectivity and lower the overall energy barrier
of the reaction [88-91]. This improved performance is a result of
the elemental bifunctionality, electronic structure, and geometric
strain present in the alloy material [88,90,92]. Previous studies
have focused on investigating Pt alloys with transition metals like
Mn, Ti, V, and Mo for the oxygen reduction reaction (ORR) dating
back to the 1980 s [93-95]. Additionally, within the realm of CO,-
RR research, the incorporation of other elements into Cu-based cat-
alysts has proven to be advantageous in attaining enhanced
performance. This approach can significantly alter the surface
binding energy and optimize the adsorption mode of intermediates
on the electrode surface through the single-atom alloy construc-
tion, strain regulation, among others [96,97].

In recent years, researchers have utilized Cu-based poly-alloy
catalysts with confined nanostructures in their research on CO,RR
[88,92,94,95]. These alloy catalysts have been the subject of inves-
tigation in order to understand the relationship between their
physical characteristics, such as mixture patterns (disordered,
ordered, and phase-separated atomic mode), and their electrocat-
alytic performance. Experimental findings using Cu-Pd catalysts
indicate that bimetallic alloy catalysts with disordered atomic
arrangements have a relatively high HER selectivity. Interestingly,
alloys with an ordered atomic arrangement (Cu:Pd = 1:1) displayed
the highest selectivity (FE > 80%) for C;. Furthermore, the phase-
separated alloy material (Cu:Pd = 1:1), which consists of three sep-
arate phases (face centered cubic type Cu and Cu,0, and face cen-
tered cubic type Pd), demonstrated the highest total current
density and the highest selectivity for C,H, (370 mA cm 2,
FE > 45%) (Fig. 4a) [98]. These experimental results indicate that
the geometric arrangement of the materials can influence the
selectivity of CO,RR products. This advancement in understanding
the relationship between the structure and function of CO,RR-to-
C,H,4 is crucial for the engineering of alloy catalyst.

The process of alloying has been found to facilitate the localized
redistribution of electrons in pure Cu, resulting in changes in the
distribution of CO,RR products. When comparing Cu-Sb alloy to
pure Cu, the electronic configuration is optimized, charge transfer
resistance is reduced, and the electrochemical surface area is
increased. Additionally, doping of Ce3* in Cu-Ce alloys leads to
the creation of oxygen vacancies near Ce atoms, which in turn
modifies the electronic state of Cu atoms. This modification of
the electronic structure can be utilized to enhance the electrocat-
alytic properties of the metal active sites, ultimately leading to a
more efficient CO,RR-to-C,H,4 process. Experimental results indi-
cate that the inclusion of non-precious metal elements in the alloy
catalysts Cuyo-Sb; and Cu-Ce resulted in C,H,4 Faradaic efficiencies
of 49.7% and 53%, respectively, when tested in 0.1 M KCl and 1 M
KOH solutions, as shown in Fig. 4(b and c) [99,100].

The utilization of tandem catalysts consisting of Cu and noble
metals like Au, Ag, and Pd effectively enhances the CO,RR-to-
CyH4 process. The inclusion of Ag or Au in the Cu-Au, Cu-Ag, or
Cu-Au-Ag alloy systems increases the probability of C-C coupling
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on the adjacent Cu, resulting in a higher local concentration of *CO.
An example of this is the electrodeposited Cu-Ag catalyst, which
demonstrates FEc,y4 of 60% at low potentials (—0.7 V vs RHE)
and a total current density of approximately 300 mA cm 2
(Fig. 4d) [101]. Similarly, the polynary Cu-Au/Ag nano-framework
materials exhibit significant selectivity for CoHy, with 69% + 5%
and 77% + 2% in H-cell and flow-cell setups, respectively (Fig. 4e)
[102]. Furthermore, mechanistic investigations suggest that Cu
with a positive charged and a highly distorted lattice effectively
lowers the energy barrier for the rate-determining step. This is
due to the strong lattice mismatches and electronic interactions
between the Ag/Au substrate and the Cu complement. Addition-
ally, Ag-Cu Janus nanostructures with (100) facets, as depicted in
Fig. 4(f), exhibit superior CO,RR performance for C,. products, par-
ticularly with FEcyp4 of 54%. This can be attributed to their opti-
mized electronic structure and the tandem electrocatalytic
reduction of CO, [103].

2.4. Oxidation state regulation

The oxidation state is defined as “the degree of oxidation of an
atom based on electron counting” [104]. Determination of the oxi-
dation states can reveal the chemical state of the elements and
rationalize the design of electrocatalysts. By regulating the oxida-
tion state, the number of valence electrons can be modified, lead-
ing to changes in electron distribution. For transition metal
atoms, adjusting the oxidation state can alter the arrangement of
empty d-orbitals and unpaired d-electrons, which is crucial for
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electron transfer to reactants [46]. In the process of CO,RR-to-
C,H,4, controlling the oxidation state can facilitate the activation
of CO, molecules, the adsorption of reaction intermediates, and
the promotion of C-C coupling, thereby lowering the energy bar-
rier of the overall reaction [46,105]. It has been reported that
Cu’" (0 < 6+ < 1) plays a critical role in directing the CO,RR pathway
towards efficient C,. formation. However, Cu®* species experience
in situ self-reduction during long-term electrolysis, especially
under industrial current densities [106,107]. Therefore, addressing
these issues and optimizing the oxidation state of Cu-based elec-
trodes to achieve high selectivity and stable operation of CO,RR-
to-C,H4 has become a priority [107-109]. Hence, this subsection
aims to examine the impact of modifying the oxidation state of
the cathode materials on CO,RR-to-C,Hy.

Plasma treatment techniques are extensively employed in the
generation of oxide layers on metal and alloy surfaces [110]. In
the realm of electrocatalyst design, the strategy of plasma-
mediated oxidation state adjustment has been utilized to produce
Cu-based catalysts with a surface oxide layer and a low coordina-
tion active site, specifically Cu* species. The cathode material that
undergoes plasma activation contains a substantial amount of
active Cu” species on its surface, which enhances the production
of C;H,4 and reduces the onset potential. Experimental results have
shown that the plasma-activated oxide-derived Cu (OD-Cu) cata-
lyst effectively suppresses CH4 production, resulting in a 60% selec-
tivity for C;H, at a lower overpotential of CO, reduction (—0.9 V vs.
RHE) [42,105]. Additionally, it has been observed that subjecting
the same plasma-mediated Cu-based material to H, plasma
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reduces the quantity of Cu® species on the surface. Despite retain-
ing similar surface roughness, the plasma-mediated Cu-based
material with a higher concentration of Cu® species on the surface
exhibits superior performance during the CO,RR-to-C,H,4 process,
thereby highlighting the significance of plasma-mediated Cu* as
the active species (Fig. 5a) [110].

Furthermore, as an alternative to plasma-mediated strategies,
the solvent thermal synthesis technique has been employed to pro-
duce an OD-Cu catalyst. This catalyst, enriched with Cu3Cu3*05,
exhibits a paramelaconite-like nature characterized by a mixed
valence state of Cu* and Cu?*. This unique feature allows for a
diverse range of valences on the surface active sites of the initial
template. Consequently, the catalyst demonstrates an exceptional
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selectivity for hydrocarbon products along with enhanced stability.
Notably, this catalyst demonstrates a high current density of
400 mA cm 2 and a stable FE of 43% for CxH, in a flow-cell. When
compared to the OD-Cu catalyst treated with plasma, the solvent
heat-treated catalyst showcases remarkable long-term operating
stability, lasting for 24 h at current density of 200 mA cm™?
(Fig. 5b) [48]. Additionally, various Cu-based catalysts with different
oxidation levels have been prepared using electrochemical treat-
ments such as as-prepared, cyclic voltammetry (CV), and electrode-
position. These treatments lead to OD-Cu catalysts dominated by Cu
(0), coexistence of Cu(I) and Cu(0) states, and Cu(l), respectively.
Data gathered from CO,RR experiments suggest that among the
three OD-Cu catalysts, the CV-treated Cu electrode, containing both
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Cu(I) and Cu(0) regions, exhibit the highest CH, generation with FE
exceeding 40% (Fig. 5¢).

The application of in situ surface-enhanced infrared absorption
spectroscopy (SEIRAS) has facilitated the identification of both
atop-bound and bridge-bound *CO intermediates during CO,RR
on a CV- treated Cu electrode (Fig. 5d) [111]. This treatment has
been shown to enhance the dimerization of *CO and improve the
selectivity of C;H4 product. This study demonstrates that the
design of Cu valence states is an effective strategy for investigating
their impact on the selectivity of CoH4 product in CO,RR. Xia and
co-workers have developed Cu-based catalysts with different oxi-
dation levels by adjusting the amounts of reducing agents. The cat-
alysts with the optimal oxidation level are capable of inhibiting the
hydrogenation reaction (formation of CH4) and promoting C-C
coupling, resulting in FEcpy4 of 53% (Fig. 5e) [109]. Additionally,
Cu-based catalysts with varying valence states (Cu-pC, Cu,0-pC,
and Cu,0/Cu-pC, where pC denotes porous carbon) have been
obtained by manipulating the gas type and oxygen concentration
during the annealing process. Among these Cu-based materials
with different oxidation states, Cu,O/CuO-pC displays the highest
selectivity for C,Hy, achieving FE of 65.1% at current densities up
to 578 mA cm 2 in a 1 M KOH electrolyte (Fig. 5f) [45,108].
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3. Design strategies of robust CO,RR-to-C,H, devices

3.1. CO2RR electrolyzer devices

3.1.1. Overview

Electrolyzers encompass both solid oxide electrolyzers operat-
ing at high temperatures (above 600 °C) and low-temperature
(room-temperature) electrolyzers. While significant progress has
been made in the electrolysis of CO, into CO using solid oxide elec-
trolyzers, the high-temperature conditions are not conducive to
the formation of C; compounds through C-C coupling [112]. Con-
sequently, the production of C;H4 and other compounds primarily
takes place in room-temperature CO, electrolysis. Therefore, this
section focuses on the production of C;H4 in a room-temperature
electrochemical system [113,114]. To achieve the production of
C,H,4 at room-temperature, three primary electrochemical systems
are employed: the H-type cell, flow-cell, and membrane electrode
assembly (MEA) cell, as depicted in Fig. S2. These electrochemical
systems offer distinct approaches for synthesizing C,H,4, each
possessing unique advantages and considerations. The H-cell
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configuration utilizes a liquid electrolyte, while the flow-cell oper-
ates with a continuous flow of electrolyte. On the other hand, the
MEA system incorporates a membrane electrode assembly, which
facilitates selective ion transport and catalytic reactions [115].

3.1.2. H-cell

In the H-cell configuration (Fig. S2a), the integration of the cath-
ode and anode compartments within the electrolyte are seamless.
The ion-exchange membrane plays a crucial role as a selective bar-
rier, effectively separating the distinct reaction environments of
the cathode and anode. However, achieving high current densities
exceeding 200 mA cm 2 in H-cells is a significant challenge pri-
marily due to diffusion limitations. The sluggish diffusion charac-
teristics, especially the relatively low diffusion coefficient of CO,
(tcoz =1.94 x 103 mm? s~ at 25 °C), restrict the mass transfer rate
during the CO,RR process [114]. Consequently, these diffusion lim-
itations hinder the attainment of higher current densities in the
CO,RR process [113,114]. Another limitation of the H-cell configu-
ration is its incompatibility with alkaline electrolytes, as hydroxide
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ions readily react with dissolved carbon dioxide, resulting in the
formation of carbonates [34,116,117]. Furthermore, the use of
non-alkaline electrolytes exacerbates the occurrence of ohmic
overpotential [118].

3.1.3. Flow-Cell

Liquid electrolyte flow-cells are the most extensively studied
reactors in the CO,RR process. This electrolyzer can achieve indus-
trial currents readily and potentials can be monitored by inserting
reference electrodes for CO,RR fundamental research (Fig. S2b)
[119,120]. The flow-cell configuration offers a viable solution to
address the challenges associated with the liquid-based systems.
Instead of relying on liquid, the flow-cell diffuses the gas directly
onto the electrode surface [121-124]. In this setup, gaseous CO,
is fed directly into the interface between the catalyst and the elec-
trolyte, promoting efficient mass transfer of CO, to the catalyst
layer. This design enables swift diffusion of CO,, thereby enhancing
the overall performance of the flow-cell electrolyzer [125,126]. The
use of gas diffusion electrode (GDE) in flow-cells introduces new
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design concepts and operating principles in the field of CO, abate-
ment, and also improves the feasibility of gas-fed reactors for com-
mercial applications [127,128]. As reported, a gas-fed flow-cell
with an alkaline electrolyte (10 M KOH) can operate at a constant
voltage of —0.55 V (vs RHE) for 150 h, producing C,H,4. Further-
more, increasing the electrolyte’s concentration enhances conduc-
tivity, improves reaction kinetics, and enables a current density of
approximately 200 mA cm 2 to be achieved at an overpotential of
less than 0.7 V [118].

3.1.4. MEA

The MEA cell, depicted in Fig. S2(c), is a significant advancement
in gas-fed flow-cell technology. This cell configuration eliminates
the need for cathode flowing electrolyte by directly placing the
cathode GDE in close proximity to the ion exchange membrane
[20,129]. Referred to as the zero-gap design structure, this arrange-
ment offers a distinct advantage by greatly enhancing the rate of
the CO,RR. However, the use of MEA results in the reaction of
CO, with the strong alkaline electrolyte, leading to the formation
of (bi)carbonates and the precipitation of salts on the GDE and
ion exchange membranes. This situation can cause a decrease in
the conductivity of the entire system [130]. Additionally, the liquid
product can be diluted into the bulk electrolyte, thereby increasing
downstream separation costs. Urgent issues to be addressed
include catholyte stability, ohmic loss of electrolyte, consumption
of CO, due to its reaction with the electrolyte, catalyst contamina-
tion caused by electrolyte impurities, and flooding of the GDE.
Therefore, the design of an electrolytic cell capable of overcoming
these challenges is of utmost importance for the industrial applica-
tion of CO,RR [131].

3.2. Benchmarked working parameters

After describing the three types of electrolyzers, it becomes cru-
cial to present benchmarked working parameters. This is necessary
to ensure that the cost associated with deploying the CO,RR elec-
trolyzer remains within acceptable limits over its operational lifes-
pan [132-136]. Firstly, in the context of commercial CO,RR-to-
C,H,, it is imperative to achieve current densities higher than
200 mA cm 2 [45,132,137-141]. Additionally, to optimize the
selectivity of C;H4 production and minimize expenses associated
with product separation, maintaining FE of over 60% for large-
scale production is essential [31,32,117,138]. In addition, it is cru-
cial to consider the energy efficiency (EE) and CO, single-pass con-
version (SPC) efficiency. Tables S3 and S4 in the Supporting
Information offer comprehensive comparisons of reported EE
[23,32,117,142-145] and SPC [146-153] of C;H4 electrolysis in var-
ious electrolyzer setup. In the progressive advancement and imple-
mentation of renewable electricity sources, achieving an EE
exceeding 50% in the commercial CO,RR-to-C,H,4 is crucial
[31,154]. Jiao’s research group has discovered that the SPC effi-
ciency of CO,RR-to-CO is typically restricted to approximately
43% due to the constraint imposed by carbonate precipitation,
which consumes around 55% of the CO, feed [155]. When scaling
up CO,RR-to-CoHy, it is imperative to acknowledge the limitations
imposed by SPC efficiency. Finally, the device’s durability must
meet commercial requirement, with a stable operation duration
of at least 100 h under industrial-level current density [32]. These
criteria are of utmost importance to ensure that the overall cost
remains economically viable and acceptable [23,31]. Currently,
only flow-cell and MEA electrolyzers can meet industrial stan-
dards, indicating their superior performance and suitability for
industrial-scale applications.

Through experiments conducted in both flow-cell and MEA set-
ups for a duration of approximately 120 minutes, the obtained data
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reveal notable findings. Specifically, it is observed that the MEA
exhibits the lowest and most stable voltage of —4 V (Fig. 6a). Con-
versely, the neutral and alkaline flow-cells demonstrate compara-
tively less stability, with higher fluctuation voltages reaching
approximately —5 V. Furthermore, Fig. 6(b) illustrates that the
MEA achieves a remarkable selectivity of C,. products, with the
FEc,n4 reaching nearly 50%, surpassing the selectivity of the other
two cells [32].

3.3. Optimization strategies of GDE

3.3.1. Overview of GDE

The development of GDEs has been crucial in overcoming the
limitations imposed by mass transfer. These electrodes enable
the direct introduction of gaseous carbon dioxide into the catalyst
located on the porous cathode, thereby effectively addressing the
aforementioned constraints. In the context of flow-cells and MEA
cells, GDEs play a ubiquitous role and consists of three fundamen-
tal components: a porous catalyst layer, a gas diffusion layer (GDL)
that serves as both an electrically conductive and porous scaffold,
and a gas flow field designed to facilitate gas transport and provide
mechanical reinforcement [156]. Fig. S3 illustrates the basic struc-
ture of GDE in an CO,RR electrolyzer. The catalyst in contact with
the electrolyte is deposited on the porous GDL. The GDE can be
conceptualized as an electrode structure with porosity that hosts
the catalyst material. The GDL, a porous braided layer, supports
the catalyst and serves as the channel for CO, to reach the catalyst
surface [120,128,157]. During the CO,RR process, CO, penetrates
the hydrophobic porous layer, diffusing onto the catalyst surface.
Analysis using reaction—-diffusion models and experimental results
indicates that an abrupt reaction interface can reduce the interac-
tion between CO, and alkaline electrolyte [158]. The GDE plays a
pivotal role in modulating the electrocatalytic performance by
influencing the transport phenomena of CO,, water, and hydroxide
species [157]. It is important to design the GDE carefully to ensure
efficient transportation of these crucial materials, as improper
design can lead to adverse consequences such as flooding and
the deposition of carbonates.

3.3.2. Failure of GDE

The failures observed in GDEs are primarily attributed to the
precipitation of carbonates, which subsequently triggers flooding,
enhanced HER, and other associated complications [159-161].
The generation of hydroxide ions (OH™) at the interface between
the electrolyte and electrode causes a local increase in pH value.
Simultaneously, CO, reacts with OH™ to form (bi)carbonates at this
interface. The gradual accumulation and deposition of (bi)carbon-
ates on GDE surfaces and CO, flow paths result in contamination
of the electrolyte and subsequent failure of the GDE [162,163].
Additionally, the formation of (bi)carbonates can draw the elec-
trolyte into the GDE, leading to flooding issues. The occurrence of
flooding within an electrolyzer is closely linked to changes in the
concentration of CO, and H,O in the microenvironment. For
instance, flooding issues can reduce the concentration of CO, in
the local microenvironment, thereby hindering the efficiency and
selectivity of the CO,RR-to-C,H, process [61,155]. In cases where
the cathode experiences limited CO, availability, the HER surpasses
CO,RR in terms of reaction rates [164]. Moreover, excessive water
will impede the entry of CO, into the electrode, leading to an
increase in the number of crossover sites [165].

To address the issue of (bi)carbonate accumulation and deposi-
tion on GDE, various strategies have been explored to prevent GDE
failure. Experimental studies (catalyst thickness: 25-1000 nm,
electrolyte concentration: 1-7 M KOH) have shown that GDEs with
a common structure tend to lose their hydrophobic properties and
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Reproduced with permission from [32]. Copyright 2019 Elsevier.

experience performance degradation within one hour of continu-
ous operation of CO,RR [118,134]. Fig. 7(a and b) illustrate two
potential approaches to enhance the stability of the electrolytic
cell.

The first approach involves increasing the temperature of the
CO, inlet, which leads to a continuous supply of water vapor into
the cell. When the inlet temperature of CO, is at 60 °C (Fig. 7b),
the FEco can be maintained at above 80%. However, when the tem-
perature is raised further to 85 °C, a gradual decline of FEcg is
observed due to the precipitation of K,CO3 (Fig. 7a). The second
approach involves periodically rinsing the battery with liquid
water. A 10-second rinse with deionized water at the start of each
hour can repair the cell stack and restore the current to its original
value (~250-275 mA cm~2). The FE of CO throughout the electrol-
ysis process is approximately 85%. Comparing the current values at
the end and beginning of each method, no significant decrease is
observed over an 8-h period, indicating the absence of irreversible
degradation. Both approaches effectively prevent the accumulation
of K,CO3 precipitates, and periodic rinsing of the electrolytic cell
with deionized water reduces carbonate precipitation and flooding
while increasing the current density [118,134].

Although there are methods such as increasing the temperature
of the CO, feed or periodically flushing the GDE can partially mit-
igate carbonate precipitation and GDE collapse, these approaches
are not suitable for large-scale implementation due to their high
cost and complex operation. Recently, the use of solid polymer
electrolytes instead of alkaline electrolytes has emerged as a
promising strategy to avoid carbonate precipitation. In this MEA-
type system, only CO, and pure water are supplied for co-
electrolysis, preventing salt precipitation in principle (Fig. 7c)
[144,166,167]. Zhuang's research group reported the first pure
water MEA for CO,RR-to-CO in 2019, reaching an industrial-scale
current density of 500 mA cm~2 [166]. Building on this success,
the team further achieved high-current-density of CO,/pure water
co-electrolysis toward C;H4 formation by introducing quaternary
ammonia poly(ether ether ketone) (QAPEEK) into Cu-based GDE.
QAPEEK, serving as a polymer electrolyte, not only possesses ionic
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conductivity but also facilitates the activation of CO, molecules.
This electrolyzer, which solely consumes CO, and pure water,
demonstrates a total current density of 1.0 A cm~2 at cell voltages
as low as 3.73 V. Moreover, efficient CO,RR-to-C,H,4 at partial cur-
rent densities of 420 mA cm~2 was achieved at applied voltages up
to 3.54 V (Fig. 7d) [144].

3.3.3. Confined triple-phase boundary of GDE

The three-dimensional structure of GDE creates a triple-phase
boundary (TPB) consisting of gas, liquid, and solid, which is crucial
for optimizing the mass transfer process in CO,RR. This unique
characteristic of GDE allows for enhanced catalytic performance,
surpassing what is achievable with planar catalyst surfaces, result-
ing in increased conversion and energy efficiency [124,168-170].
In comparison to the conventional two-chamber H-cell, where
the contact between liquid and solid is limited, GDE facilitates
the formation of a gas-liquid-solid TPB, further optimizing the
mass transfer process for CO,RR. In summary, the design of GDE
for high CO,RR performance is based on three factors: the presence
of abundant TPB, excellent and long-lasting electrical conductivity,
and optimized dissociation and diffusion of product molecules
[124,152]. An illustrative example of this design approach is the
graphite/carbon NPs/Cu/PTFE electrode, which is capable of toler-
ating bases by optimizing CO, diffusion into the catalytic site. This
electrode configuration, consisting of multiple stacked catalyst lay-
ers, enables the production of C;H4 under strong basic conditions
at 7 M KOH, with a consistent and high FE of 70% (—0.55 V vs.
RHE, 75-100 mA cm~2) (Fig. 8a) [118].

This layered structure in question offers three distinct advan-
tages. Firstly, the presence of a polytetrafluoroethylene (PTFE) por-
ous diffusion protection layer serves to slow down the diffusion
rate of CO,, allowing for its reduction to occur prior to any side
reactions with the strongly alkaline electrolyte. Additionally, the
rate of the competitive HER reaction is also slowed down in alka-
line electrolytes, thereby further improving the selectivity of elec-
trocatalytic reduction to C;H,. Secondly, as a significant amount of
CO, is reduced prior to encountering OH™, a large quantity of OH™
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can be adsorbed on the surface of the Cu metal catalyst. This, in
turn, lowers the activation energy barrier for C-C coupling and
enhances the selectivity of C;H, even more. Lastly, the presence
of the PTFE porous diffusion protection layer greatly enhances
the stability of the Cu nanocatalyst, allowing it to function reliably
for 150 h under working conditions. To further demonstrate the
efficacy of their findings, the research team constructed an electro-
catalytic reduction full cell system, consisting of a graphite/carbon
NPs/Cu/PTFE cathode electrode and a NiFeO, anode electrode,
which archives EE of 34% [118,124].

Additionally, the electrocatalytic system composed of carbon
paper/PTFE coated carbon/Cu-KOH electrode, created by mechani-
cally blending Cu nanoparticles with KOH solids, demonstrates
remarkable performance in the CO,RR-to-C;H, process. This sys-
tem incorporates an interactive flow channel between the anode
and cathode, promoting the efficient flow of the electrolyte liquid
to mitigate cathodic overpotential and ion transport resistance.
In the zero-gap GDE design, the Cu-KOH catalyst, integrated with
KOH, achieves a high current density of 281 mA cm 2 and a high
selectivity for C;H, with FE of 54.5% (Fig. 8b) [171]. Previous
research has primarily focused on functional Cu-based composites
in the catalyst layer of GDE, neglecting the presence of non-
reactive polymers such as ionomers. However, recent studies have
demonstrated that non-metric interactions at the catalyst-ionomer
interface can significantly impact the local microenvironment on
the cathode. By introducing an anti-swelling anion-exchange iono-
mer (AEI) with -N(CH3)** groups and an anti-swelling backbone,
carbon fibre/microporous layer/AEI-OD-Cu nanosheets were syn-
thesized (Fig. 8c). This novel strategy of enhancing the non-
reactive ionomer in the catalyst allowed the gas-fed catalyst sys-
tem to achieve a remarkable 60% selectivity for CoHy, coupled with
an extremely high current density of 800 mA cm™2 [143,172].
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4. Innovative perspectives on CO,RR-to-C,H, process

4.1. Machine learning in electrocatalyst screening

Machine learning (ML) is currently experiencing a resurgence,
that is having a significant impact on various science and engineer-
ing fields, including CO,RR. ML entails the construction of models
using data, allowing for the discovery of hidden relationships
within vast amounts of data [173-178]. ML takes a unique
approach to model development, relying on flexible and non-
linear models. This characteristic enables ML to identify intricate
non-linear relationships within datasets and predict the CO,RR
activity of unknown electrocatalysts [176]. Additionally, ML does
not require extensive prior knowledge of output features, making
it possible to obtain a trained model based on reference data and
generate the required information [179]. ML-assisted functional
material design and screening strategies can greatly reduce time
and resource costs in the research journey from lab to fab for CO,-
RR-to-C,H4 [180,181]. A general ML-assisted electrocatalytic CO,
reduction workflow consists of four main steps: setting up the data
source/data feed, selecting and validating the descriptors, defining
the algorithm, and validating the model and making predictions
(Fig. 9 and 10a-d) [178,182,183].

The identification of cathode materials for CO, conversion
involves analyzing several features, including the d-band centre,
adsorption energy, and number of ligands present in the electro-
catalyst material. These features are essential in predicting the per-
formance of CO,RR. Calculations and statistical analysis of these
descriptors enable the evaluation of unknown catalyst compo-
nents, active sites, and the exploration of CO,RR pathways. Conse-
quently, these features serve as crucial descriptors in ML tasks.
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However, these descriptors require time-consuming Density Func-
tional Theory (DFT) calculations, especially when dealing with a
vast range of potential catalyst materials [184-186]. To overcome
computational limitations associated with DFT calculations, ML
can extract rules from a sufficient amount of DFT-computed data
and apply these rules to efficiently predict target properties
[173,187]. This ML-assisted approach is particularly effective in
the field of electrocatalytic CO, reduction, especially in high-
throughput multi-scale materials screening and catalysts design
[183,188]. For example, the combination of ML and DFT calcula-
tions demonstrates significant advantages in assessing the cat-
alytic activity of transition metal phthalocyanine (TMPc) dual-
metal-sites catalysts (DMSCs) for CO,RR (Fig. 10e). It is reported
that the combined ML-DFT strategy is 130,000 times faster than
using DFT calculations alone when screening and evaluating
single-atom catalysts [189]. These findings highlight the superior
performance of the ML-DFT approach in predicting the reactivity
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of electrocatalysts in CO,RR, such as single atom catalysts [190],
high entropy alloy catalysts [191] and metal-zeolites catalysts
[192].

The hybrid scheme of DFT-ML exhibits a remarkable low predic-
tion error of 0.02 V, along with a substantial nearly seven-fold
enhancement in efficiency [193]. Additionally, the proposition of
ML models incorporating active learning is an intriguing avenue.
An example of this approach involves employing an ML model
based on active screening to guide high throughput calculations
in DFT, specifically in the screening of CO,RR catalysts with excep-
tional performance in a materials library by predicting the adsorp-
tion energy of CO (Fig. 10a-d) [187]. For CO,RR-to-CyH4,
theoretical findings indicate that the Cu-Al alloy exhibits the high-
est activity and selectivity, particularly with regards to the Cu-Al
catalyst displaying relatively higher FE of C;H4 [182]. Apart from
substrate catalyst prediction and screening, ML has played a guid-
ing role in the discovery and optimization of organic molecular
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additives in Cu-based electrode electrodeposition, leading to
achievement of high selectivity for CO,RR-to-C,H,4. The data anal-
ysis process in this research involved three iterative cycles: identi-
fication of significant features, refinement of critical features, and
catalyst design and validation. Through this work, a combination
of aliphatic alcohols and Cu,0 was determined and selected from
a pool of over 2000 potential formulations consisting of 200
organic additives and 12 metal salts. Experimental results further
confirmed the aliphatic alcohol promoted Cu,O cubes’ high selec-
tivity (>50%) for C,. products (Fig. 10f) [194].

4.2. Value-added co-electrolysis

4.2.1. Mixed-feed electrolysis

The development and mechanistic studies of catalysts have pre-
dominantly utilized traditional pure CO, feeds [195]. However, the
incomplete combustion of carbon-based fuels often results in a
mixture of CO and CO, gases. This emphasizes the scientific signif-
icance and potential application of electrocatalytic reduction of
CO/CO, gas mixtures [196]. Additionally, impure, or frequently
contaminated CO, feeds are common in industrial settings, neces-
sitating a more in-depth mechanistic study of CO,RR-to-C,Hy4
under O,/CO, and CO/CO, co-feed conditions [196,197]. Recent
experiments have shed light on the relationship between Cu cata-
lyst surface species and catalytic performance by introducing an
oxidant (oxygen) into the CO, feed [198]. The introduction of oxy-
gen into the reactor facilitates the oxygen reduction reaction
(ORR). By adopting a co-feeding strategy, the fractional current
density of the desired C,H,; at a potential of —0.75 V vs. RHE
increases 173-fold and there is a 200 mV shift in the onset poten-
tial of CH4 production towards the equilibrium potential (Fig. 11a)
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[198]. In addition to incorporating oxidizing media into the CO,
feed, the electrocatalytic reduction of CO/CO, gas mixture holds
significant practical importance. Dynamic isotope labelling-based
experiments have revealed that the mixed CO/CO, feed consider-
ably enhances the rate of C;H4 production (Fig. 11b). Moreover,
the presence of non-competitive surface sites for CO/CO, adsorp-
tion on the catalysts has been identified through the examining
of reaction surfaces containing reaction-specific sites [196].

4.2.2. CORR and GOR

In addition to CO/CO, co-feeds, the production of C;H4 through
direct electrochemical CO reduction reaction (CORR) is being
explored as a viable approach to ensure a sustainable carbon cycle.
High FE of 52.7% was achieved by optimizing the cathode structure
to enhance CO diffusion and C-C coupling at the electrode surface
(Fig. 11c) [197]. Importantly, this highly selective process for pro-
ducing C,H,4 results in minimal production of other carbon-based
by-products, such as C;—C,4 hydrocarbons and CO,, thereby avoid-
ing the drawbacks associated with uneven product distribution in
conventional pure CO, feed processes. Furthermore, Sinton and
Ramdin et al. have investigated the concept of heterogeneous co-
electrolysis, which involves the simultaneous direct reduction of
CO on the cathode and glycerol oxidation (GOR) on the anode
[195,199]. This strategy of hybridizing the cathode and anode not
only reduces the energy input for C, cathode products but also
generates valuable C3 products with a significant market demand
on the anode. The experimental results demonstrate that a high
rate of co-production of valuable C; and C3 product streams can
be achieved at a full cell potential of 1.34 V, with a current density
of 180 mA cm~2. Besides, the cathode primarily yields ethylene
(Ca+: FE = 71%, CoHy: FE > 45%), while the anode produces lactic
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acid and glyceric acid (Cs.: FE = 75%) (Fig. 11d). By integrating the
system, the projected energy cost of producing C;H,4 from CO, can
be reduced by 50%, as the energy requirement for the conversion of
CO to C,H, is decreased by 55% (to approximately 72 GJ ton™!
CoHy) [199].

4.3. Cascade processes

As previously discussed, the tandem catalyst system divides the
CO,-to-C,H,4 pathway into a pre-stage of CO,-to-CO and a post-
stage of CO-to-CyH4 Nevertheless, this particular micro-scale
design of the material structure cannot completely prevent the loss
of reaction materials, such as carbonate precipitation and the chal-
lenges associated with low CO, conversion rates [200]. Therefore, a
CO,-to-C,H4 cascade process is of practical significance in addition
to the direct conversion route. Ozden et al. have developed a cas-
cade method for converting CO, to C;H4 by integrating a solid
oxide electrochemical cell (SOEC) of CO,-to-CO with a high-
performance MEA system for CO-to-C,H,. This approach effectively
avoids carbonate formation and the resulting energy losses, lead-
ing to excellent overall performance and enhanced feedstock uti-
lization. In their study, the researchers initially designed a
layered catalyst consisting of Cu, (C4HF;04S.C5F,4)y, a short-side-
chain (SSC) ionomer, and N-tolyl substituted tetrahydrobipyridine
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in an MEA electrolyzer, which achieves efficient conversion of CO to
C,H,4. Furthermore, to prevent CO, loss in the alkaline electrolyte
during CO, conversion, an SOEC was connected to the front section
of the MEA electrolyzer to enable high-rate conversion of CO, to CO.
The MEA reactor demonstrates the ability to generate C,H4 at a
maximum rate of 1.3 mmol h™! and operates continuously for 40
h, benefiting from the efficient CO output from the SOEC
(Fig. 12a) [142]. In addition to the SOEC-MEA process, a recent pro-
posal has introduced a cascade strategy encompassing both electro-
catalysis and thermal catalysis. More specifically, the outlet of the
MEA electrolytic cell is directly linked to the inlet of a thermo-
chemical hydroformylation reactor. Although the final products of
this electrochemo-thermochemical reaction process, mainly ethane
and C3 oxygenates, this notable attempt showcases the potential of
a cascade process that produces desired C;H, at a high conversion
rate and yield (Fig. 12b) [201]. Consequently, there exists a prospect
for future innovation and optimization of series processes by max-
imizing feedstock utilization and catalytic reforming.

4.4. Cell stacking

While MEAs represent a favorable option among various types
of electrolyzers, it is important to acknowledge that the
conventional MEAs used in laboratory settings are not suitable
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Chemical Society.

for large-scale production of C,Hy4. To achieve this goal, scaled and
modified MEA need to be explored, such as the construction of lar-
ger electrolytic cells or the interconnection of multiple electrolytic
cells [136,171,202]. Fig. 13 illustrates these strategies and their
potential for enabling the commercialization of C;H4 production
through electrolysis. There are two configurations for cell stacking
in a stack assembly: parallel connection and series connection. In
the parallel configuration, the cells are interconnected in a way
that ensures uniform gas distribution across the layers, where each
cathode receives a dedicated supply of CO, (Fig. 13a). On the other
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Diagram of the electrochemical CO reaction combining the oxidation of glycerol for
0-h stability test. Reproduced with permission from [199]. Copyright 2021 American

hand, in the series configuration, the entire gas flux enters the first
layer, while the off-gas, consisting of residual CO, and reaction
products, proceeds to subsequent layers (Fig. 13b) [134]. From an
electrical perspective, the cells are connected in series in both sce-
narios. Compared to the large-scale electrolytic cells, the construc-
tion and maintenance of the stack is more convenient, and the
single-layer electrolytic cell in the stack is similar to the one in lab-
oratory setting. In terms of electrochemical devices, series stacks
have shown higher conversion efficiencies compared to stacks with
electrolytic cells in parallel. Results have supported the idea that
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stacks with a series configuration can enhance CO, conversion
within a stack, thereby achieving a remarkable current density of
300 mA cm 2 [134,203].

5. Techno-economic analysis of CO,RR-to-C,H, process

The market price of each CO,RR product is detailed in Table S5.
At present, carbon monoxide and formic acid are economically
viable products with significant net present value (NPV) of $13.5
million and $39.4 million, respectively, for the CO, electrolyzer
system [204-206]. Additionally, CoHy4, a chemical precursor, fuel
additive, and energy generation fuel, is commonly utilized as a
feedstock for the production of polyethylene, ethylene oxide, and
ethylene glycol, among other feedstocks [207]. The annual global
production of C,H4 stands at 150 million metric tons with a favor-
able price point of 1.3 USD per kilogram, highlighting its consider-
able economic significance [132].

5.1. CO;, capture, product separation and storage

In a typical CO,RR process, as depicted in Fig. 14(a), CO, is
extracted from a point source or air and is subsequently purified
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for utilization in a CO, electrolysis system [132]. Currently, the
prevailing technique for CO, capture is chemisorption using mono-
ethanolamine, a method that incurs substantial operational costs
totalling $70 per ton of CO, captured [208]. Previous research
efforts have shown that the expenses associated with CO, capture
can be reduced to $44 per ton through improvements in solvent
composition and process optimization [136]. In addition, the gen-
eration of value-added products from CO,RR can contribute to
the economic viability of CO, capture. It is worth noting that the
CO, captured from point sources may contain other combustion
products (such as SO, and NO,), that could potentially impair the
electrolyzer performance [132,209]. To ensure stable and efficient
conversion, the CO, may require high purity [210]. On the other
hand, in contrast to CO, capture from point sources of industrial
facilities, direct extraction of CO, from the atmosphere allows for
decentralized utilization and can be effectively integrated with
renewable energy sources. However, it is important to highlight
that this particular facility has yet to be commercially developed
[211].

Following the raw capture of CO,, the concentrated CO, mixture
is combined with water and then transferred to CO, electrolytic
cells. The resulting liquid product within the electrolyte stream is
then sent to a separation system, specifically distillation, in order
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to extract the liquid product. At the same time, the electrolyte is
recycled back to the electrolysis device [132,212]. The gaseous pro-
duct, consisting of the unconverted feed gas (CO;) and the by-
product (H,), undergoes separation within a gas separation unit.
Within this unit, the recycled CO, is returned to the reactor, while
the gas product is subsequently compressed for storage and trans-
portation purposes. Alternatively, it can be directed towards
another subsequent chemical process [213,214]. Pressure swing
adsorption (PSA) is a widely employed industrial technique uti-
lized for the separation of gaseous products. It is renowned for
its advantageous attributes, including low operating costs, high
efficiency, and a compact footprint. PSA is considered as a refer-
ence process within the industry, with a cost estimate of
$1,990,000 per 1000 m> per hour [215-217]. Subsequently, it is
necessary to compress and store the gaseous products after the
separation process. However, if these products are promptly trans-
ported to a subsequent process and utilized without delay, the
associated additional cost can be deemed insignificant. Jiao’s anal-
ysis, presented in Table S6, offers an overview of the estimated
costs in a generalized CO,RR process. Notably, the analysis takes
an optimistic perspective, anticipating potential cost reductions
resulting from future technological advancements [132].

5.2. Electricity and CO costs

Based on extensive contemporary reports and the prevailing
operational conditions, it has been observed that among the prod-
ucts obtained through CO,RR, CO and formic acid demonstrate
profitability, while the production of C;H,4 appears to lack eco-
nomic viability [21,218-221]. Notably, with the continuous
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advancements in CO,RR technology, it is worth mentioning that
C,H,4 emerges as a financially sustainable product when technolog-
ical enhancements are implemented [117,222]. A production rate
of 100 t d~! allows for large-scale chemical production with more
favorable capital costs, and further electricity prices may decrease
to 0.03 USD kWh™! as renewable energy sources such as solar and
wind become more affordable [132,153]. Experimental findings
indicate that CO, conversion during CO,RR can reach nearly 35%
and may surpass 50% with an improved electrolyzer design
[223,224]. An analysis of a reactor with a 50% conversion rate
yields an NPV of $24 million for C,H; when FE is calculated at
90%, the cell voltage is 2 V, and the current density is 300 mA cm 2
[132].

Throughout the entire duration of ethylene production, the cost
of production process assumes paramount significance. Fig. 14(b),
which illustrates the breakdown of production costs, highlights
the substantial portion is attributed to electricity cost [132].Itis pro-
jected that as the new energy industry continues to advance, the
integration of various power generation technologies such as wind
power, hydropower, nuclear power, and solar power will contribute
toadeclineinelectricity prices [215].In fact, it is anticipated that the
cost of electricity can potentially be reduced to as low as 0.02 $
kWh~1[225]. Amere alteration of $0.01 kWh ! in the electricity tar-
iff would result in a substantial divergence in the NPV, amounting to
nearly $40 million [132]. This modification would have a significant
impact on the production of C,H,4, especially when compared to the
current price of 0.05 $ kWh~'. Consequently, it is crucial for CO, elec-
trolyzers to ensure a reliable and affordable supply of electricity,
preferably through the advancement of alternative energy sources
such as wind power and solar power [215]. In addition to the
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expense associated with power, as solvent and process design
improvements, the price of CO, could potentially decrease from
$70 to $44 per ton [132,226]. Moreover, if carbon neutrality is
adopted on a larger scale and industrialized, CO, prices may be fur-
ther reduced. Considering all these factors, for the CO,RR-to-C,Hy
process to be profitable, the NPV must be greater than zero. As
shown in Fig. 14(c), the solid line depicts the performance required
to achieve $0 NPV for the production of C;H4 [132].

5.3. Loss cost: crossover and carbonate formation

As previously elucidated, the occurrence of crossovers within
neutral MEA, the formation of carbonates in alkaline flow-cells,
and the utilization of CO, below 100% in each respective system
collectively result in significant CO, losses. These phenomena,
which are inherent to the mentioned systems, lead to the dissipa-
tion of CO,, thus reducing the overall energy efficiency associated
with these technologies [31]. Specifically, as carbonate formation
and crossover increase, the requirement for electrical energy effi-
ciency rises so rapidly that it becomes unattainable. Tandem car-
bon dioxide reduction (TCO,R), as a method for producing C,.
products, has been demonstrated to prevent the formation of car-
bonates from CO, [224,227-229]. Fig. 15(a) depicts the cost analy-
sis of C;H,4 production, considering varying ratios of crossover and
carbonate formation in neutral MEAs and alkaline flow-cells. The
observed slopes of the two distinct lines illustrate the significant
impact exerted by crossover and carbonate formation on the over-
all cost of C;H4. Additionally, it is evident that the presence of
crossovers and carbonate formation necessitates additional
expenses for recovery processes, further increasing the overall pro-
duction cost of C,H,.
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, solid line depicts an NPV of $0. Reproduced with permission from [132]. Copyright 2018 American Chemical Society.

Additionally, the cost breakdown of C,H4 production, as illus-
trated in Fig. 15(c), highlights the importance of considering the
expenses related to CO, regeneration losses caused by carbonate
formation in alkaline environments. This analysis offers valuable
insights into the cost structure of C,H,; production in neutral
MEAs and alkaline flow-cells, emphasizing the need to account
for the costs incurred in CO, regeneration in alkaline settings.
Based on laboratory data, these losses represent more than 60%
of the total cost. Achieving ethylene production below
$1000 t~! without CO, losses would require an EE greater than
45%. As shown in Fig. 15, even with a low CO, crossover/carbon-
ate formation ratio of 1:1, achieving $1000 t~! C,H, production
would require an EE greater than 65%. The electrochemical con-
version of CO, to CO with an EE of 80%, followed by alkaline elec-
trolysis of CO with an EE of 40% for C;H4 production, has the
potential to yield 1000 metric tons per annum of ethylene with
an overall EE of 52% [31]. While this target is ambitious, it is
deemed attainable within the context of the aforementioned elec-
trochemical processes.

6. Conclusions and outlook

In summary, this article presents a systematic examination of
the advancement made for the robust CO,RR-to-C,H, process from
lab to fab. This review encompasses various aspects including the
design strategies of Cu-based cathodic materials, the assembly of
integrated electrolyzer devices, the innovative perspectives of CO,-
RR-to-C,H4 process, and an analysis of its economic viability using
case studies. Nevertheless, there remain pressing challenges that
necessitate immediate attention. To address these challenges, the
following recommendations are put forth.
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1) Structure-function relationships. Numerous studies have unclear. Insufficient evidence exists to determine whether

been conducted on high-performance electrocatalysts for
the conversion of CO, to C;H,4. However, there remains a lack
of comprehensive understanding of the structure-function
relationships. For instance, the insights of the correlation
between the adsorption strength of intermediates and the
catalytic performance are pivotal for the rational design of
catalysts. This lack of understanding directly impacts the
reproducibility of related investigations in laboratory set-
tings and the scalability in industrial applications. Addition-
ally, the study of the dynamic evolution of cathode electrode
material morphology, sectioning, and phases in multi-phase
interfaces presents significant challenges. To overcome these
obstacles, a combination of theoretical calculations and
advanced spectroscopic techniques has proven to be advan-
tageous. By utilizing in situ characterization techniques,
even subtle changes at the material reaction interface during
catalysis can be monitored, along with changes in relevant
intermediates in CO,RR. However, there is still an ongoing
debate regarding the mechanisms of the CO,RR-to-C,H, pro-
cess. Specifically, the C-C coupling pathway remains
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the formation of the C, product results is solely a result of
the coupling of two identical *CO intermediates or if it
involves the simultaneous coupling of one *CO intermediate
with other C; intermediates (such as *CHO or *COH). More-
over, it is still unclear whether the reaction pathways of CO,-
RR-to-C,H,4 and CO,RR-to-CH, are independent or if they
compete.

) Electrolyzer. The primary hurdle in implementing the find-
ings of the fundamental research on CO,RR-to-C,H, at the
industrial scale is the upscaling of the electrolyzer. Industrial
electrolysis devices face various practical challenges, includ-
ing the formation of (bi)carbonate after the reaction, deteri-
oration of GDE performance, crossover issues, and catalyst
poisoning. To achieve industrial-scale current densities,
catalysis systems are using increasingly concentrated and
corrosive electrolytes, which significantly impact the cost
and lifespan of electrolyzer equipment. This deviation from
the overarching goal of industrial conversion highlights the
need to prioritize research to develop the optimal design
for supporting infrastructure in industrial electrolyzer
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installations, such as the use of neutral and acidic elec-
trolytes. Additionally, there is significant interest in replac-
ing highly concentrated solutions with less toxic,
environmentally friendly, and recyclable electrolytes. These
endeavours are crucial for advancing CO,RR-to-C,H, tech-
nology and bridging the gap between theoretical principles
and practical applications.

3) Scale-up. In addition to electron selectivity and current den-
sity, it is crucial to consider parameters such as stability and
single-pass conversion efficiency when evaluating the CO,-
RR-to-C,H4 systems. Regrettably, the investigation of stabil-
ity has been largely overlooked in prior studies, and the
operation time is mostly documented at low current densi-
ties, which holds limited importance for the industrializa-
tion of the CO,RR-to-C;H,; process. To address the
durability issue, it is imperative to investigate the dynamic
changes over catalysts’ surface during electrocatalytic reac-
tions and the corresponding evolution of active sites. Subse-
quent research efforts have focused on developing
mechanisms and solutions to cope with poisoning, carbon
deposition, and degradation of catalyst materials. Addition-
ally, it should be noted that increasing the CO, flow rate into
the reactor at scale promotes the formation rate of the CO,-
RR product but reduces the proportion of CO, utilized,
resulting in low single-pass conversion efficiency. Therefore,
achieving a balance between the reaction rate and CO, uti-
lization efficiency is crucial towards the scale-up of CO,RR-
to-C,Hy4 process.

4) TEA. The economic viability of the entire CO,RR-to-C,H,4
process is of paramount importance for its successful inte-
gration and commercialization. This encompasses several
aspects, mainly including CO, capture, product separation
and storage, electricity, and CO, cost. These areas are often
overlooked in current laboratory research, so it is necessary
to conduct a comprehensive techno-economic evaluation to
determine the essential working parameters for the large-
scale implementation of the CO,RR-to-C,H4 process. How-
ever, one limitation of the discussed TEA is that it relies on
extrapolating data from lab-scale experiments to predict
the performance at fab-scale electrolyzer units, which may
introduce uncertainties. Moreover, there is potential for fur-
ther improvements in various domains of the TEA, which
could enhance the economic and environmental benefits of
the CO,RR-to-C;H4 process. For instance, reducing elec-
trolyzer costs can be achieved by minimizing material
expenses, increasing current densities, and reducing overpo-
tentials. These measures would result in less wasted heat
and lower cooling costs. If these development strategies
can be implemented successfully, the CO,RR-to-C,H,4 pro-
cess has the potential to become a profitable option as a
renewable energy process.
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