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Strategies for overcoming challenges in selective
electrochemical CO, conversion to ethanol

Zihong Wang,"? Yecheng Li,"? Zhihao Ma," Dazhuang Wang,' and Xiaodi Ren'*

SUMMARY

The electrochemical conversion of carbon dioxide (CO,) to valuable chemicals is gaining significant atten-
tion as a pragmatic solution for achieving carbon neutrality and storing renewable energy in a usable form.
Recent research increasingly focuses on designing electrocatalysts that specifically convert CO, into
ethanol, a desirable product due to its high-energy density, ease of storage, and portability. However,
achieving high-efficiency ethanol production remains a challenge compared to ethylene (a competing
product with a similar electron configuration). Existing electrocatalytic systems often suffer from limita-
tions such as low energy efficiency, poor stability, and inadequate selectivity toward ethanol. Inspired
by recent progress in the field, this review explores fundamental principles and material advancements
in CO, electroreduction, emphasizing strategies for ethanol production over ethylene. We discuss electro-
catalyst design, reaction mechanisms, challenges, and future research directions. These advancements
aim to bridge the gap between current research and industrialized applications of this technology.

INTRODUCTION

Electrocatalytic carbon dioxide (CO,) reduction reaction (CO,RR) is one of the most promising routes toward achieving carbon neutrality.'
This field has evoked a plethora of research activities, primarily focusing on upgrading CO, into building-block chemicals and liquid fuels.”
During the CO,RR, the applied electrical energy is converted to stored chemical energy via reorganizing the molecular bonds in CO; and
water to generate reduction products in particular high-value multi-carbon (C,,) olefins and oxygenates through copper (Cu) base catal-
ysis.”” These products play crucial roles in the current supply of energy and chemicals such as fuel additives, plastics, disinfectants, and phar-
maceuticals.®? Among the various C,, products formed on Cu catalysts, ethanol stands out as a compelling target among the myriad of prod-
ucts achievable through CO,RR due to its substantial market power and wide market demand (over USD 137.8 billion in 2030).'%"* Its
attractiveness stems from its versatile applications, serving not only as a solvent in chemical synthesis but also as a vital chemical feedstock
for producing various organic compounds like acetaldehyde, acetic acid, diethyl ether, and so on (Figure 1). Beyond industrial uses, ethanol
finds valuable applications in medicine, where it functions as an antiseptic and disinfectant. Moreover, it offers the added advantage of being
a renewable fuel, possessing an impressive energy density of 26.8 MJ kg™, making it a highly promising option for sustainable energy so-
lutions.'® However, ethylene is usually the major C,, product during the Cu-based electrocatalytic CO,RR." Although ethanol can also be
formed, the ratio of Faradaic efficiencies (FEs) of ethanol to ethylene is typically lower than 0.5 on a Cu-based catalyst.”'? Therefore, the devel-
opment of an efficient CO,RR reduction product conversion system from ethylene to ethanol plays an important role in our understanding of
the intermediate process of the reaction and the identification of the nature of product differences.

In CO2RR, ethanol and ethylene are both 12-electron reduced products, and similar equilibrium potential (ethanol is 0.084 V and ethylene
is 0.060 V vs. reversible hydrogen electrode [RHE]). Besides, it is believed that they are derived from a shared key intermediate (*CHCOH, the
asterisk represents adsorption), and that ethylene is generated after C—O bond-breaking from *CHCOH. Thus, ethanol and ethylene are the
two mainly competing C, products.”” A technoeconomic analysis of CO,RR systems shows that C, production can become profitable only
once the partial current density exceeds 100 mA cm ™2 Recently, CO,RR to ethylene has been reported with an FE over 80% with a partial
current density of 300 mA cm ™2 or an FE over 60% with a partial current density of 1.2 A cm~2."®"” Unfortunately, the best ethanol FE reported
so far is 60% with a partial current density of 300 mA cm ™2 or FE is 40% with a partial current density of 320 mA cm~2.°%?" According to the
current research progress, there is a serious mismatch in the reduction efficiency of the two C,. reduction products of ethanol and ethylene,
which is mainly due to the following reasons. There are many studies have shown that the selectivity toward the production of ethylene on the
Cu metal surface is often higher than ethanol because the former exhibits thermodynamically favored formation.””** More importantly, due to
its more saturated structure in comparison to ethylene, the stabilization of next-intermediates for ethanol on a pure Cu surface is inherently
more challenging.”® As a result, the production of ethanol through C—O bond-reserving of *HCCOH faces significant chemical
difficulties, making it less competitive against ethylene generation.”**> Consequently, the production of ethylene on Cu-based catalysts is
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Figure 1. Schematic of strategies for selective ethanol over ethylene production in electrochemical CO; reduction and its application

typically 2-3 times higher than that of ethanol.”*?” An urgent requirement arises to devise an efficient strategy enabling the selective inversion
of isoelectronic C,. products (ethanol and ethylene), along with a clear delineation of the factors influencing this conversion. Such efforts will
enhance understanding of the underlying principles governing the preparation of symmetric and asymmetric products.

Developing electrocatalysts with high activity, selectivity, and energy efficiency toward ethanol is still a wide-open question. Advances in
fundamental understanding in recent years have led to new material designs that significantly improve the COy-to-ethanol conversion.”**
Inspired by these works, herein we provide a comprehensive review of the fundamental aspects of CO,RR to ethanol from both mechanistic
insights and experimental findings. Different from previous reviews on ethanol production, this review sets itself apart by ethanol enhance-
ment strategies with emphasis on the reciprocal relationship between ethylene and ethanol, which are isoelectronic entities. Our aim is to
highlight strategies for enhancing the efficiency of the isoelectronic C, product selective inversion between ethanol and ethylene, which
have demonstrated tremendous potential in transforming the CO,RR chemistry. In this review, we delve into key developments that facilitate
the isoelectronic C,, product selective inversion of ethanol and ethylene within the catalyst design classification (Figure 1). Our discussion is
grounded in the following representative examples, the design of pure Cu catalyst surface morphology, the architecture of catalyst surface
atoms, and the construction of modulator and tandem structure, as well as metal free catalytic materials. Furthermore, we present a thorough
overview of the underlying reaction mechanism, shedding light on the intricacies and factors governing this transformation. We then highlight
the remaining challenges and provide an outlook on promising research directions.

ETHANOL VERSUS ETHYLENE MECHANISM

The generation of various types of C, products follows specific mechanisms, which are influenced by the complexity and diversity of their re-
action processes.”” Understanding the reaction mechanism of a single C, product pose a significant challenge.” However, it's important to
note that the production of C, products typically involve a key step: the C—C coupling between *CO. This step forms the basis for different
pathways that ultimately yield diverse products.®® According to the Sabatier principle, optimal catalysts bind atoms and molecules with just
the right strength-not too weak to activate the reactants, yet not too strong to allow for the desorption of the products.” However, the selec-
tivity toward Cy products can not only be explained by the binding energy of carbon monoxide (CO). In the quest to design efficient catalysts
for the reduction of CO; to ethanol, it's crucial to comprehend the mechanistic features of ethanol formation. This is because the C; selectivity
is usually biased toward ethylene rather than ethanol. Predicted reaction mechanisms for C; products are highly complex and subject to vari-
ation due to factors such as the catalytic surface, environmental conditions, computational methods, and so on.”” Therefore, this section aims
to introduce several perspectives to provide a comprehensive understanding of the subject. Prior studies and computations have established
that C—C coupling forms the foundation for the production of ethanol and ethylene.® Subsequent to this, variations in the proton coupling
electron transfer process and the dehydration process of intermediates have led to divergent paths for the final products. To gain a clearer
understanding of the reaction pathway, we categorize the common intermediates that result from CO2 in the generation of ethanol and
ethylene into two primary types: oxygen and carbon adsorption and carbon adsorption. The type of adsorption also influences the subse-
quent reaction mechanisms and enhancement strategies. We will discuss these two types separately in the following sections.?**”

Oxygen and carbon adsorption intermediate pathways

Koper and colleagues proposed a detailed reaction mechanism to deeply investigate the process by which CO generates C, species such as
ethylene (CoHy), ethanol (CoHsOH), and acetaldehyde (MeCHO) through an electrochemical reduction reaction on the Cu (100) electrode.*’
This mechanism involves the coupling of two CO molecules into a *C,0, intermediate via electron transfer. This is then followed by the gen-
eration of the target C, species through a proton-electron transfer reaction. The study utilized a computational hydrogen electrode model to
calculate the adsorption energy and determine the onset potential of the reaction. Figures 2A and 2B show pathways for CO reduction to
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Figure 2. Oxygen adsorption intermediate pathways of CO, to ethanol

(A) Lowest overpotential pathways for the electroreduction of CO to ethanol and ethylene. The potential-determining step is the first proton-electron transfer.
The energy levels are given at U = 0V vs. RHE and U = —0.4 V, which is the calculated onset potential.”” Copyright 2013, Wiley-VCH.

(B) Schematic representations of the species involved in the pathways to C,H, (blue) and MeCHO/EtOH (green).”” Copyright 2013, Wiley-VCH.

(C) Energy diagrams of hydrogenating the *OC,Hj intermediate to produce ethylene and ethanol on Cu and Cu=N models.*' Copyright 2024, American
Chemical Society.

(D) During CO; reduction, CH, = CHO adsorbs on Cu, leading to either ethylene or ethanol. On regular Cu, lower O—C bond energy favors ethylene formation.
On nitrene-doped Cu, altered electron distribution weakens the O—Cu bond, increasing ethanol selectivity.*’ Copyright 2024, American Chemical Society.

CzHa, MeCHO, and C,HsOH. *COCHO s less stable than *CO—COH by 0.16 eV (Figure 2A), favoring O atom hydrogenation in *C;0,. Thus,
*CO—COH is used as the starting intermediate after dimerization. This intermediate undergoes five hydrogenation steps to form *CH,CHO,
where the pathways diverge (Figure 2B). Ethylene forms through the cleavage of the remaining C—O bond and desorbs, leaving an adsorbed
oxygen atom (*O), which is further hydrogenated to form water and desorbs. Alternatively, MeCHO forms by protonation of the a-carbon in
*CH,CHO. MeCHO then reduces to C,HsOH via an ethoxy intermediate (*CH3CH,0) through two more hydrogenation steps. Calculations
show that in the sixth step, the energy required to generate ethylene is about 0.2 eV lower than that for ethanol, corroborating empirical re-
sults that on a Cu electrode, the FE for ethanol is generally lower than for ethylene (Figure 2A). Informed by this reaction mechanism, Zheng
and his team proposed that by weakening the Cu—O interaction to be less than the O—C interaction, the product selectivity might shift from
ethylene to ethanol by changing the sequence of bond breaking (Figure 2D).*" Given that Cu—O forms a Lewis acid-base pair, and in line with
the hard-soft acid-base theory, the oxygen atom in CH,CHO* is a hard base that is not inclined to bind to a soft acid. By adjusting the Cu site
to a softer state (i.e., more electron delocalized), its interaction with oxygen may be weakened, promoting Cu—O bond breaking and the
subsequent ethanol formation pathway. For Cu, the energy barrier for hydrogenating CH,CHO* to form CH3CHO* is 0.27 eV, which is higher
than that for forming CoHy + *O (—0.42 eV), indicating a preference for the C,H4 formation pathway. Conversely, for a CuN catalyst with
improved electron delocalization capabilities, the energy barrier for hydrogenating CH,CHO* to form CH3CHO* is —0.41 eV, significantly
lower than for forming C,H4 and O* (0.06 eV), thereby altering the product selectivity from CoHy to C,HsOH (Figure 2C). For the intermediate
pathways involving oxygen and carbon adsorption, adjusting the bond energy between M—O and C—O is a viable strategy to optimize the
reaction process for ethanol production. Furthermore, enhancing the attack on the double bond C through the optimization of the hydroge-
nation process is also an effective approach. Pursuing a direction that does not disrupt the C—O bond holds promise as well.

Carbon adsorption intermediate pathways

Xiao et al. explored the atomic-level mechanism of CO electrochemical reduction (CORR) on the copper (111) surface to generate Cq and C,
products. Using grand canonical quantum mechanics calculations and considering the solvation effect, their research revealed the
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mechanisms behind the production of ethylene and ethanol.”” They proposed CO—COH as a new coupling mechanism. The results show that
surface-bound water is crucial in forming different intermediates from CO—COH through various hydrogenation processes (Figure 3A). After
CO—COH undergoes three hydrogenation steps, two key intermediates are formed: *C=(CH)OH under neutral conditions and *CH = COH
under alkaline conditions, both capable of leading to ethanol. For the *CH = COH intermediate, dehydration with H,O* forms *CCH (AGF =
1.16 eV), but further hydrogenation to produce ethanol via *CH = COH is kinetically prohibited (AG* = 1.46 eV). For the *C=(CH)OH inter-
mediate, H,O* drives dehydration to form *CH = C (AG¥ = 0.86 eV) also blocks the hydrogenation pathway to ethanol (AG* = 1.13 eV). There-
fore, "hot” surface water is the key in preventing ethanol production. This suggests that destabilizing the H,O* pathway could promote
ethanol production. In addition to kinetically limiting ethanol production, the interaction between water molecules and intermediates, as
well as the solvation energy and solvation recombination energy with intermediates, are key factors influencing product distribution. Hirunsit
and colleagues have conducted a comprehensive exploration of the various mechanisms of CO,RR to produce ethylene and ethanol on the
Cu (100) surface, using density functional theory (DFT) calculations in explicit solvent and vacuum models.”? The authors have
calculated that water molecules can stabilize each intermediate to varying degrees. This is evidenced by the required reorganization
energy of the solvent molecule (AG.,,) and the strength of the interaction between the adsorbate and the reorganization solvation
shell (AGgo,"™). For C—O bond dissociation, the degree of interaction strength between water and the intermediate (AGg,,~™®) has a
greater impact on the energy barrier. The extent to which water helps stabilize the intermediate generally follows this order:
*CH,—CH, < *CH,CO < *C—CH, < *CH,CH,O < *CH,CHOH. Water molecules play a pivotal role in whether the key different intermediates
*CH,CH,0, *CH,CHOH, and *CH,CH,OH undergo C—O bond breakage (Figure 3C). For the reaction mechanism to generate ethanol, main-
taining the C—O bond is crucial. Therefore, whether hydrogenation targets the carbon (C) or oxygen (O) atom is a key factor in determining
the product distribution. Wang et al. elucidated the mechanism for improving ethanol selectivity on modified Cu catalysts using an explicit
solvent model combined with slow growth molecular dynamics.'” Enhanced sampling ab initio molecular dynamics (AIMD) calculations show
that the ethanol and ethylene pathways are dominated by surface-coupled hydrogenation and solvent hydrogenation of the key intermediate
*CH—COH, respectively. For ethylene synthesis (R1), *CH—COH captures hydrogen from solvent water via the Eley-Rideal mechanism and
dehydrates to form *C—CH, which is then gradually hydrogenated to generate ethylene. For ethanol synthesis (R2), the pathway begins
with the coupling of *CH—COH and *H via the Langmuir-Hinshelwood mechanism to produce *CH—CHOH. The difference between these
pathways lies in the source and target of the proton during electron transfer: solvated H* or surface *H, and protonation on O or C. In R2, steric
hindrance makes it difficult for carbon in *CH—COH to capture hydrogen directly from solvent water, favoring surface-coupled hydrogena-
tion. InR1, a hydrogen bond between the hydroxyl group in *CH—COH and solvent water allows direct hydrogen transfer driven by electrode
potential, termed solvent hydrogenation. These hydrogenation methods result in the energy required to generate ethanol being 0.57 eV
higher than that for ethylene, causing ethylene to dominate the final product distribution (Figure 3B). In an effort to comprehend the source
of oxygen atoms in oxygenate products resulting from CO reduction, Lum and colleagues performed a reduction of C'O in an H,'80 elec-
trolyte.”® Their findings revealed that 60—70% of the ethanol produced contained 0, suggesting the oxygen originated from the solvent.
Building upon prior all-solvent DFT metadynamics calculations, they factored in water incorporation and uncovered a novel mechanism. This
mechanism entails a Grotthuss chain of six water molecules interacting with the *C—CH intermediate to yield *CH—CH ("®OH), which subse-
quently leads to the formation of (*%0) ethanol. This process is in competition with the formation of ethylene, which also stems from *C—CH.
These findings corroborate the existence of multiple pathways leading to ethanol, competing with the formation of ethylene, akin to mech-
anisms put forth by Xiao et al., which involve shared key reaction intermediates.

PURE COPPER CATALYSTS

The conversions of CO; to ethanol are multi-proton coupled electron transfer (PCET) reaction that involves in lots of intermediates and pro-
cesses under the reaction conditions. The binding strength of *CO, a potential intermediate, to the metal surface is widely recognized as a
critical factor in determining the selectivity of a metal catalyst. So far, Cu has been reported to be the efficient single-metal catalyst for the
formation of C,, compounds probably because of its optimal *CO affinity.”>’ In this section, we present a comprehensive overview of the
state-of-the-art catalysts used in CO,-to-ethanol conversion based on pure Cu catalysts. We specifically focus on systematically examining
their architecture features, from surface to interface. These features play a crucial role in stabilizing oxygenate intermediates and enabling
a controllable hydrodeoxygenation step for efficient ethanol production.

Pure copper catalyst structure design

To date, the primary approach for ethanol-selective on pure Cu-based electrocatalysts have centered around nanostructure control tuning
strategies. These strategies entail precise control of feature shape,*®*” dimension,”® atomic defects,”’* and high-index facets,”® making
them particularly intriguing for their demonstrated effectiveness in CO,-to-ethanol conversion performance, as evidenced by numerous pre-
vious studies.”® Recent research has shown that CO, conversion tendencies in ethanol-selective on pure Cu-based electrocatalysts can be
finely tuned by adjusting the size of Cu nanoparticles (2-15 nm range). This size variation leads to modifications in the exposed coordination
number on the surface Cu atom.”® Moreover, the presence of atomic steps on the (100) terrace enhances ethanol productivity, while the Cu
(100) facet exhibits higher ethylene selectivity compared to the Cu (111) facet.’®>® These findings highlight the importance of nanostructure
morphology in achieving tunable selectivity for C,., formation. Additionally, introducing metal atomic vacancy defects can significantly influ-
ence the electrocatalytic performance by adjusting the electronic structure of neighboring atoms, affecting the energy barriers of rate-limiting
reaction intermediates. These discoveries offer valuable insights into designing efficient and selective Cu-based electrocatalysts for CO,
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Figure 3. Carbon adsorption intermediate pathways of CO, to ethanol

(A) Predicted complete reaction pathways to C, products featuring H,Oad mechanism.*” Copyright 2017, American Chemical Society.

(B) The CO, reduction on Cu(100) diverges into ethylene or ethanol paths.w7 Copyright 2023, American Chemical Society.

(C) Plots of changes in TS barriers (AGH and changes inreaction free energy (AG) between those obtained from the explicit solvent model and the vacuum model
for three C-O bond dissociation reactions: (i) *CH,CH,O — *O + *CH,CHo,, (ii) *CH,CHOH — *OH + *CHCH, and (jii) *CH,CH,OH — *OH + *CH,CH,, and
plots of AGg,, and AG.,,P™® of IS, TS, and FS structures of the three reactions.”® Copyright 2021, American Chemical Society.

conversion to valuable ethanol instead of competitive product of ethylene. Therefore, for CO,-to-ethanol conversion, it is crucial to develop
the special surface structure of Cu-based catalyst, different from that of ethylene (Figure 4A).

Influenced by the insights and findings from these studies, a series of recent research has extensively explored Cu surface morphology
modulation. The researchers aim to overcome the constraints of conventional low currents, elevate the local current density of ethanol to in-
dustrial levels, and achieve a more profound comprehension of the reduction to ethanol rather than ethylene. These efforts seek to pave the
way for enhanced electrocatalytic performance in CO, conversion to valuable ethanol. Many studies have focused on Cu (100) surfaces in their
exploration of ethanol products. While numerous single-crystal studies and simulations suggest that Cu (100) surfaces abundant in steps are
conducive to the conversion into ethanol products, the majority of research remains confined to low-index (100) facets or low-density step-
sites resulting from surface defects. To address this, Kim et al. developed a mass-producible wrinkled Cu catalyst with high-index facets
through a chemical vapor deposition (CVD) graphene growth process (Figure 4B). Unlike existing methods, this catalyst consists of a high
density of step-sites with unique atomic arrangements, including the (200) and (310) facets. The wrinkled Cu film exhibited remarkable ethanol
selectivity, achieving a FE of 40% at —0.9 V vs. RHE. DFT calculations attributed this high ethanol productivity mainly to the (310) facet of the
wrinkles, which presented a low C—C coupling barrier of 0.5 eV and a preferred reaction path toward ethanol over other products.®® This work
emphasizes the point that optimizing catalytic material morphology allows us to reduce the energy of C—C coupling between *CO and select
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Figure 4. Pure Cu catalyst structure design

(A) Schematic illustrating CO, conversion to ethanol via optimized surface, while unoptimized copper yields ethylene.
(B) Schematic of a wrinkled Cu surface and its catalytic performance for the selective conversion of CO, to ethanol.”* Copyright 2021, American Chemical Society.
(C) Cu_ps catalyst synthesized under a CO-rich environment, and Cu-c catalyst deposited under an Ar atmosphere. Moreover, CO,RR process where the
absorption density of *CO intermediates on catalyst surface tunes CO,RR selectivity of Cu.ps toward ethanol or Cu.c toward ethylene.®” Copyright 2021, Cell
Press.

(D) lllustrating the Cu,S-Cu-V CSVE electrocatalyst design through a schematic, enabling the efficient production of multi-carbon alcohols via CO,RR.”’
Copyright 2018, Springer Nature.

(E) FE of ethanol, propanol, and ethylene on different catalysts measured in TM KOH electrolyte at an applied potential of —0.92 V vs. RHE in flow-cell system.”’
Copyright 2018, Springer Nature.

(F) Flow cells: current densities and product distributions under different potentials and corresponding faradaic efficiencies produced by Cu.ps and Cu.c.>
Copyright 2021, Cell Press.

the ethanol production path. *CO serves as a crucial intermediate in CO,RR, where its surface coverage impacts the probability of C—C
coupling, bonding energy, and the overall reaction path. This modulation promotes the transformation of CO, toward ethanol products
instead of ethylene products. Inspired by this, Zheng et al. demonstrated a novel electrochemical deposition method that leverages a
CO-rich environment to create Cu catalysts with abundant defective sites, enabling selective CO, electroreduction to ethanol (Figure 4C).*
The *CO-rich conditions promote the formation of defect-rich Cu surfaces by stabilizing the surface energy, which significantly enhances the
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CO,-to-ethanol reduction pathways. Through operando spectroscopies and theoretical calculations, the researchers unveiled how these
defect-rich surfaces facilitate local *CO production, leading to increased surface *CO coverage and improved CO,-to-ethanol selectivity.
In a flow-cell system, the Cu_ps electrocatalyst (rich in defect sites) achieved an ethanol partial current density surpassing 100 mA cm ™2,
with a corresponding FE of 52%. In contrast, the non-defective Cu surface led to ethylene production exceeding 55% (Figure 4F). This high-
lights the efficient transition between ethylene and ethanol products. These outstanding results demonstrate the potential of defect-rich Cu
electrocatalysts for efficient and durable CO; electroreduction to ethanol, presenting a promising direction for advancing renewable energy
conversion technologies. Diverging from the conventional CO atmosphere method to induce surface atomic defects, Zhuang et al. pursued
an innovative approach by focusing on Cu sulfide structures known for their unique ability to create stable surface defects and regulate surface
vacancy density. Their preliminary results demonstrated significant variations in the ethanol-to-ethylene ratio when they introduced S into the
Cu catalyst. Encouraged by these findings, they conducted a comprehensive computational analysis to investigate a key rate-limiting step
along the CO,-to-Cy, pathway.”’ The computational studies revealed that a modified Cu,S core with Cu surface vacancies led to a favorable
modulation, shifting selectivity toward ethanol relative to ethylene, which aligned with insights from prior research. Based on these promising
outcomes, the researchers undertook a systematic study of S-enriched Cu and surface vacancies, resulting in the synthesis of a Cu,S-Cu-V
(where V denotes vacancy) nanoparticle structure. This ingenious core-shell-vacancy engineering (CSVE) catalyst enabled them to effectively
modify the C,. reaction pathway, redirecting selectivity away from ethylene and toward ethanol (Figure 4D). This strategic approach aimed at
suppressing unwanted C,,. products, rather than just C4 products, ultimately paving the way for more efficient (a partial current density of 100
mA cm~?) and selective (FE of 24%) CO, electroreduction to ethanol (Figure 4E). These studies collectively highlight the potential of opti-
mizing the morphology of catalytic materials to control C—C coupling energy and select the ethanol production pathway, paving the way
for advancements in renewable energy conversion technologies. However, further research is required to deepen our understanding of
the underlying mechanisms and optimize these processes for industrial applications.

Oxidation state regulation of copper catalysts

In the domain of CO,RR, the oxidation state of catalysts plays a pivotal role in determining their activity and selectivity.* " This is primarily
due to the inherent ability of the oxidation state to influence key factors in the CO,RR process, which can be influenced by the oxidation states
of catalysts from the following aspects: Firstly, the oxidation state affects CO, activation, which is a critical step in initiating the electrochemical
reduction of CO,. Cu-based materials demonstrate a unique synergy between Cu* and Cu®, promoting CO; activation.®”** Cu™ sites can
absorb H,O molecules, forming strong hydrogen bonds with CO, and stabilizing activated molecules. They also help stabilize the transition
state and final state of CO; by diluting the negative charge. This insight guides the design of efficient CO,; electrocatalysts for sustainable
conversion technologies. Secondly, it regulates the adsorption of intermediates, impacting the stability and reactivity of the reaction inter-
mediates during the CO, conversion process.®’ Sargent and co-workers studied Cu-based catalysts with varying oxidation states (—0.1e
to +0.3e).%” They observed that increasing the Cu oxidation state led to a consistent increase in *CO adsorption energy on the surface.
This effect is due to changes in the electron state distribution and a higher overlap between C,, and Cusq binding states when *CO adsorbs.
Optimal binding strength with intermediates is crucial for enhancing catalyst performance and selectivity in CO,RR. Lastly, the oxidation state
facilitates C—C coupling, a key step in the formation of higher-value C,, products such as ethanol.”****? Cu oxide (OD Cu) electrodes are
typically obtained by growing Cu,O layers on the electrode surface from various Cu-based precursors (e.g., Cu foil, and Cu-based MOFs) at
high temperatures and then reducing this oxide to form CuP sites. The presence of residual subsurface oxygen atoms enhances the CO bind-
ing energy to the catalyst by reducing the o-repulsion, thereby favoring the kinetic mechanism for C—C bond formation due to increased *CO
coverage on the catalyst.”” In summary, the oxidation state of catalysts holds substantial significance in CO, electroreduction, as it directly
influences the efficiency and selectivity of the process (Figure 5A). A deeper understanding of these influences can guide the rational design
of more efficient and selective electrocatalysts for sustainable CO, conversion to ethanol products.

Past studies indicate that the pathways for ethanol and ethylene formation diverge from a shared intermediate (*CHCOH). The formation
of ethylene occurs through the breaking of the C—O bond in *CHCOH, while ethanol production results from the protonation of
*CHCOH.""%7¢ Given these findings, a potential strategy to enhance ethanol selectivity could be to increase the surface affinity for
oxygenate intermediates. Given that the oxidized copper center can regulate the adsorption energy of intermediates and enhance C—C
coupling, electrocatalytic materials designed around the metal oxidation state hold promise for improving the reduction of CO5 to ethanol.
Therefore, Zhang et al. prepared a series of metal oxide nanoparticles with continuously changing pore sizes, the volcano-shaped relationship
between ethanol selectivity and nanocavity size of porous CuO catalyst is found based on the well-controlled nanocavity size in the range of 0-
20 nm (Figure 5B).”" They successfully showcased a highly selective and productive porous CuQ catalyst, featuring an average nanocavity size
of 12.5 nm for CO,RR-to-ethanol. As shown in Figure 5D, this catalyst exhibited an ethanol FE of 44.1 + 1.0% and an ethanol-to-ethylene ratio
of 1.2, at an ethanol partial current density of 501.0 + 15.0 mA cm™2. The exceptional ethanol selectivity of the porous CuQ catalyst is attrib-
uted to the increased coverage of surface-bounded hydroxyl species (*OH), which results from the nanocavity size-dependent confinement
effect. The theoretical calculations provide insights into the underlying mechanism, suggesting that the higher coverage of *OH preferentially
facilitates the *CHCOH hydrogenation to *CHCHOH (ethanol pathway) by strengthening the noncovalent interaction. These findings high-
light the significance of surface-bounded *OH species in directing the CO,RR toward ethanol production with high efficiency and selectivity.
Jung et al. devised a novel electrocatalyst, denoted as (Cu*/hf-Cu), through a two-step process involving CVD graphene growth followed by a
post oxidation step.’” In this process, insufficiently grown graphene grain boundary (gGB) defects acted as an oxidation-controlling mask,
leading to the formation of Cu,O mesh patterns through gGB defects during post oxidation. Moreover, the Cu regions in the perfectly grown
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Figure 5. Oxidation state regulation of Cu catalysts

(A) Schematic showing enhanced ethanol over ethylene production by optimizing the active site’s valence state.

(B) TEM images of p-CuO-(7.0 nm, 12.5 nm, and 19.4 nm), the nanocavity structure is highlighted by dashed circles, and the inset illustrates size distributions of
these nanocavities. Optimal FE ethanol and corresponding ethanol-to-ethylene ratio for the p-CuO-(7.0 nm), p-CuO-(12.5 nm), and p-CuO-(19.4 nm) catalysts.”’

Copyright 2023 National Academy of Sciences.
(C) Comparison of ethanol FE on polished Cu, hf-Cu, Cu*/hf-Cu, and rCu/hf-Cu.”? Copyright 2022, Wiley-VCH.
(D) Proposed origin of the enhanced ethanol electrosynthesis performance on the Cu/Cu,O aerogel. Comparison of FE ethanol for Cu/Cu,O aerogels with the

change in the Cu* percentage.”* Copyright 2021, Wiley-VCH.

(E) Schematic illustration of ethanol and ethylene formation paths on Al-Cu/Cu,0O.”* Copyright 2023, American Chemical Society.

(F) Schematic illustration for the catalytic mechanism for CO,RR to ethanol on V-doped Cu,Se nanotubes.”” Copyright 2022, Wiley-VCH.
(G) The schematic representations of the determined factor for the selective ethanol synthesis.”” Copyright 2020, Springer Nature.

graphene regions exhibited high-facet surfaces, predominantly with (310) facets, and featured a high density of step-sites. The presence of
both Cu* sites and high-facet Cu on the electrocatalyst led to enhanced *CO adsorption, resulting in a rich *CO coverage that subsequently
promoted *CO—*CO reactions on the high-facet Cu surfaces. This catalytic mechanism significantly lowered the energy barrier for ethanol
production, leading to a remarkable ethanol yield with 43% FE achieved at a low overpotential of —0.8 V vs. the RHE (Figure 5C). The (Cu*/hf-
Cu) electrocatalyst exhibits promising potential for efficient and selective ethanol production in CO; reduction reactions. Jung and his team
have advanced their research by integrating diverse interfaces with porous structures, resulting in the creation of a porous Cu/Cu,O aerogel
network (Figure 5D).”° This network serves as a platform for the electrochemical production of ethanol from CO,, demonstrating a remarkable
ethanol current density. Examination through electron microscopy and electrochemical analysis reveals that the substantial enhancement in
ethanol electrosynthesis can be ascribed to the abundance of Cu%Cu* interfaces. Furthermore, the confined porous aerogel network struc-
ture with its elevated surface area facilitates an increase in local pH, thereby contributing to the overall improved performance. These studies
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shed light on the pivotal role of oxidation states in electrocatalytic CO, reduction to ethanol, paving the way for further research, albeit with a
requirement for an improved understanding of reaction mechanisms and intermediate dynamics.

This section explores strategies to stabilize oxidation states in CO, reduction to ethanol. The potential applied during the dioxide-reduc-
tion reaction is often much lower than the reduction potential of the Cu®* species, leading to the easy reduction of Cu®* species to Cu® during
the CO,RR process.®>”” Consequently, the selectivity and stability for ethanol over these Cu-based electrocatalysts remain low, and multiple
liquid products other than ethanol are commonly obtained. This not only increases downstream separation expenses but also limits practical
applications. To address this limitation, heteroatom doping emerges as a powerful strategy to finely tailor the active sites of the catalyst.”®’”
By hybridizing energy levels between the dopant and the pristine catalyst, heteroatom doping can effectively control various intermediates
and steer the reaction pathway toward the desired ethanol in CO,RR. Han et al., through a combination of DFT calculations and experimental
validation, discovered that incorporating the Lewis acid metal Al can modulate the oxophilicity of Cu-based catalysts, thereby enhancing CO,
electroreduction to ethanol (Figure 5E). In flow-cell tests, Al-Cu/Cu,O demonstrated exceptional stability and achieved an impressive C,, FE
of 84.5%, with ethanol reaching 48.8% FE. In situ X-ray absorption spectroscopy (XAS) and emission spectroscopy (XES) analyses revealed that
Al doping stabilizes Cu* species during CO, electrolysis. Further characterization, control experiments, and theoretical calculations have
elucidated that Al doping facilitates the cleavage of the Cu—C bond of the selectively determining intermediate adsorbed at Cu sites, sup-
presses C—O bond cleavage, and stabilizes the oxygen-containing intermediate *OC,Hs, thereby promoting the ethanol pathway. This strat-
egy can be extended to other Lewis acid-site dopants, such as Ga and Mg.”* Sun et al. tackle the materials design challenge by introducing
V-doped Cu,Se hierarchical nanotubes.>” The doping of V** ions into the CusSe lattice diversifies the active sites and prevents the reduction
of Cu* species to Cu® during CO,RR (Figure 5F). The presence of multiple active sites enables the adsorption of bridge *COg species with a
negative charge on V sites or Cu sites near the V sites, as well as the adsorption of linear *CO species with a positive charge on Cu sites away
from the V sites. The high coverage of *COg facilitates the formation of *COy, which subsequently couples with *CO| to produce ethanol, as
verified by in situ diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) spectroscopy and DFT theoretical calculations. Remark-
ably, the optimal Cuq2,Vp.19Se nanotubes catalyze CO,RR to ethanol with an FE of 67.3% and exhibit extraordinary long-term stability for
138 h in an H-cell. Additionally, they achieve a high partial current density of —207.9 mA cm™2 for ethanol production at —0.8 Vin 1 M
KOH in a flow cell. This study underscores the potential of V-doped Cu,Se hierarchical nanotubes as highly efficient and stable catalysts
for selective CO, electroreduction to ethanol. Conventional XAS and electron energy loss spectroscopy (EELS) techniques require minutes
for spectrum acquisition, limiting their ability to capture dynamic changes during CO,RR. However, Lin et al. addressed this limitation by em-
ploying time-resolved XAS (TR-XAS) with a small X-ray incident angle.’” This innovative operando methodology allowed for seconds-resolved
near-surface investigations of materials under CO,RR working conditions, enabling in situ characterization of catalytic surfaces. Using oper-
ando TR-XAS, the researchers tracked the chemical evolution of the material during CO,RR. Quantitative X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine structure (EXAFS) analyses revealed that the redox shuttle approach maintained a steady
chemical composition, whereas conventional chronoamperometry significantly altered the material’s chemical nature. Remarkably, employ-
ing a potential switching approach led to the Cu*/Cu® redox achieving a steady state of half-and-half during cathodic CO,RR electrolysis. This
resulted in the asymmetric C, product ethanol with high selectivity across a wide potential range. Theoretical computations suggested that a
surface composed of Cu’-Cu* ensembles could asymmetrically couple dual CO molecules, potentially enhancing the catalyst's selectivity to-
ward C, products in CO,RR (Figure 5G). These strategies have demonstrated remarkable efficiency in stabilizing the valence state of Cu®*
species, representing valuable insights for the development of oxidation-state catalysts. Furthermore, the understanding gained from these
studies can serve as a valuable reference for the design and optimization of advanced catalysts tailored for specific applications, ranging from
energy conversion and storage to environmental remediation and sustainable chemical synthesis.

ALLOY CATALYSTS

CO4RR tends to develop C; high-value products and harsh reaction conditions. The uniform surface with a homoatomic center is difficult to
provide a high-energy catalytic center for multi-carbon products and keep good durability under acidic and alkaline conditions.®%" Recently,
alloy catalysts have been reported to overcome the above obstacles.® Li et al. discovered that when two metals interact, it directly affects the
d-band center of each metal, a critical factor in determining adsorption and desorption energies.®* In CO, reduction, excessively low adsorp-
tion energy impedes CO; activation, while overly strong adsorption energy inhibits product desorption. Therefore, designing alloy catalysts
with a rational structure is essential for effective CO, reduction.®’ Metal alloying has the following advantages: (1) in alloy catalysts, the surface
potential and d-band center can be easily tuned by different compositions, which affect the adsorption and activation behaviors of reactants
and intermediates.® % The first step of CO, reduction is the adsorption of CO, molecules. The interaction of two metals usually provides
sufficient catalytic sites to achieve high adsorption energy. (2) alloy catalysts provide multi-metal active centers that are conducive to the con-
struction of asymmetric active centers or provide an asymmetric reaction environment, which is beneficial to the formation of asymmetric
products.”>® Considering that the production of ethanol in CO, reduction reactions requires the initial coupling of two adjacent *CO inter-
mediates on Cu atoms, it necessitates a high local concentration of CO and a substantial coverage of *CO intermediates on the catalyst sur-
face.f%%” Therefore, CO-generating metals such as Ag, Au, or Zn are often selected as promoter elements in M-Cu bimetallic systems, a
concept known as sequential catalysis (Figure 6A). The incorporation of these promoter elements has been shown to significantly enhance
the selectivity toward ethanol formation.”

In recent years, remarkable progress has been made in electrochemical CO, reduction, especially in increasing C,. productivity. However,
achieving high selectivity for ethanol remains challenging compared to ethylene and other products. To address this issue, Li et al. introduced
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Figure 6. Alloy catalysts

(A) Schematic showing enhanced ethanol over ethylene production by alloying treatment.

(B) Reaction paths for ethylene vs. ethanol on a Cu (111) surface. Binding illustration for Cu and Ag/Cu catalyst to produce ethylene and ethanol, respectively.
Copyright 2019, American Chemical Society.

(C) Schematic diagram of the generation of ethanol from CuZn alloy with porous structure.”’ Copyright 2020, Elsevier.

(D) Hypothetical CO-insertion mechanism scheme indicating the transfer of CO from one metal site that weakly binds CO (Ag) to another site that binds residual
Cy intermediate species (Cu) in the case of Ag-CuyOps and Ag-CU2OPB,92 Copyright 2017, American Chemical Society.

(E) Ago.14/Cug gs catalyst FE toward the major CO, reduction products.87 Copyright 2019, American Chemical Society.

(F) The FE of ethanol for Cuy0, Ag-Cu,Ops, and Ag-Cu,Ops.”” Copyright 2017, American Chemical Society.

(G) FE value of C,, products for dCu,O, dCu,O/Auj 3% and dCuyO/Ags, 3% under selected current dehsity420 Copyright 2022, Springer Nature.

(H) Schematic for boosted ethanol generation over dCu,O/Agy 3%. Yellow-color, gray, white, orange, red, and azure spheres in the model represent H, C, O, Cu”,
Cu®, and Ag atoms, respectively.”” Copyright 2022, Springer Nature.

(I) The synthesis methodology for CoCu alloys with different Co surface segregation degrees: low, moderate, and high.”* Copyright 2022, Wiley-VCH.
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diverse binding sites to a Cu catalyst, destabilizing ethylene intermediates and promoting ethanol production (Figure 6B). They synthesized
electrocatalysts by co-sputtering Ag and Cu on a polytetrafluoroethylene (PTFE) substrate, achieving a record FE of 41% for ethanol toward
ethanol at 250 mA cm~2 and —0.67 V vs. RHE (Figure 4E). DFT calculations validated the improved ethanol path and reduced ethylene
pathway. The newly developed catalysts display a significantly broader in situ Raman spectrum in the *CO stretching region compared to
pure Cu controls.?” This observation can be attributed to the diverse binding configurations. The physical picture of multisite binding explains
the improved ethanol production in bimetallic catalysts and provides a framework for designing multi-metallic catalysts to control reaction
paths in CO; reductions toward ethanol products. Besides, Lee et al. investigated Ag-incorporated Cu,O materials, phase-separated Ag-
Cu,0ps, and phase-blended (PB) Ag-Cu,Opgs.”” Ethanol selectivity significantly improved with Ag incorporation, reaching 20.1% for Ag-
Cuy0ps and 34.15% for Ag-Cu,Opg, compared to 10.5% for Cu,O-Cu without Ag (Figure 6F). Surface characterizations showed stable Cu-
to-Ag ratios after electrode reduction, with Ag-Cu,Opg having higher Ag content. However, Ag content alone couldn’t fully explain the
different ethanol product FE. The atomic arrangement also influenced selectivity, with Ag-Cu,Opg’s PB pattern favoring closer Ag-Cu prox-
imity, facilitating CO insertion and promoting ethanol production (Figure 6D). This study highlights co-catalyst nature and the significance of
atomic arrangement in enhancing ethanol selectivity during CO, reduction. CuAg alloys may not universally favor ethanol production over
ethylene. Hoang et al. demonstrated that a CuAg catalyst prepared via co-electrodeposition on carbon paper exhibited higher selectivity
toward ethylene than ethanol.”® This suggests that the choice of preparation method for the alloys can be a critical factor influencing the selec-
tivity between ethylene and ethanol.

Similarto Ag, Zn is a well-known catalyst for CO, reduction to CO”; therefore Ren et al. conducted a study on Cu-based alloy catalysts with
different quantities of Zn dopants (Cu, Cuq0Zn, CusZn, and CuyZn) for electrocatalytic reduction.”’”® The addition of Zn played a crucial role in
continuously producing an in situ source of mobile CO during the electrolysis. This mobile CO diffused to neighboring Cu sites and reacted
with other C; intermediates (*CO or *CH,). The researchers found that the ratio of FEchanol/FEethylene could be finely tuned by a factor of up to
around 12.5. Among the catalysts, CusZn showed the highest FEqihanol of 29.1%, while bare Cu had the highest FEqihanol of 11.3%. Interestingly,
the FEs of CO significantly decreased simultaneously with the increase in FEs of ethanol, indicating that gaseous CO formed from the Zn sites
was further reduced to ethanol. Zhao et al. developed porous bimetallic Cu/Zn catalysts using a wet-chemical synthesis method, allowing
them to tune the alloy composition by varying metal precursor ratios (Figure 6C).”" These catalysts demonstrated catalytic synergies of Cu
and Zn, promoting CO; electroreduction to liquid ethanol products. DFT calculations revealed that electron-rich Cu in the bimetallic catalysts
enhanced CO; adsorption while suppressing H, adsorption. Zn doping in Cu promoted the formation of *CO intermediates, weakly covering
the Cu surface, increasing the energy barrier for proton reduction, and improving the overall FE for CO, reduction. The hierarchical porosity
of the bimetallic catalysts extended the retention time of intermediates, facilitating the deep reduction of CO, to form liquid products.
Notably, the porous CusZng catalyst exhibited an impressive 46.6% FE for ethanol production at —0.8 V during steady-state electrolysis for
11 h. This study highlights the potential of porous Cu/Zn alloy catalysts for efficient and selective CO, electroreduction to valuable liquid fuels.

In the preceding section, we extensively explored the crucial role played by the oxidation state in influencing the conversion of CO; into
ethanol, a preferred outcome over ethylene. Wang et al. ingeniously devised a novel and promising approach. By synergizing alloy catalysts
with metal oxidation-state catalysts, they aimed to create a powerful combination that could enhance the selectivity for the production of
ethanol during the electrochemical reduction of CO,.”° Specifically, the study focused on modifying cubic Cu,O with Ag and exploring
CuAg bimetallics (dCu,O/Ag) with controlled morphology, phase, and composition for efficient CO,RR to ethanol at high current densities.
Unlike CupO and Au-modified Cu,O derivatives that favor CO, conversion to C,H, and CO, respectively, the optimized dCuyO/Ags 3% cata-
lyst exhibited a unique asymmetric C—C coupling, enhancing ethanol production under high current density conditions. In the flow cell (Fig-
ure 6G), the optimized dCu,O/Ag; 39 catalyst demonstrated impressive results, with an FE of 40.8% and an energy efficiency for ethanol of
22.3%, along with a remarkable ethanol partial current density of 326.4 mA cm~2 at —0.89 V vs. RHE (with an 85% iR correction). In situ atten-
uated total reflection infrared absorption spectroscopy (ATR-IRAS) confirmed that the improved ethanol selectivity resulted from moderate
surface coordination and optimal oxidation state of the Cu sites, facilitating mixed *COyigge and *CO,op configurations that stabilized the
ethanol intermediates (Figure 6H). These groundbreaking insights into the CO,-to-ethanol electroreduction mechanism offer a distinct de-
parture from conventional CO-tandem catalysis. In a groundbreaking study, Liu et al. introduced a novel perspective on alloying elements
beyond the conventional choices of Ag, Zn, and Au. Utilizing a theoretical surface phase diagram derived from extensive global searching,
they revealed the potential of Co as a segregating element on the CoCu surface (Figure él).” This segregation led to a significant increase in
CO coverage, profoundly influencing catalytic performance through surface segregation and coverage effects. Computational predictions
highlighted the catalytic implications of Co segregation, resulting in enhanced C—O scission of *CH,O and competent C—C coupling, ulti-
mately yielding a highly desirable high ethanol selectivity over the CoCu surface. To validate their theoretical insights, Liu et al. executed a
two-step reduction-induction procedure, successfully achieving remarkable >60% ethanol selectivity over the moderately CO-induced CoCu
catalyst. Even in the face of potential surface oxidation and restructuring during the reaction, the catalyst’s performance remained remarkably
robust. The ability to fine-tune alloy systems with segregation tendencies under specific conditions represents a pivotal step toward achieving
efficient and selective catalytic processes, particularly in the realm of CO, electroreduction to value-added products like ethanol. The use of
alloys for the reduction of CO, to ethanol presents tremendous advantages and holds enormous promise for sustainable energy conversion.

TANDEM CATALYSTS

Due to the chemical inertness of CO,, it is often difficult to convert it directly into ethanol at pure Cu catalyst. Despite this, the CO; can firstly
convert to *CO at extra component, and then the *CO can be further used to produce C; product at Cu sites (Figure 7A). This special catalyst
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Figure 7. Tandem catalysts

(A) Schematic showing enhanced ethanol over ethylene production by tandem catalysis.

(B) Schematic illustration of Cu-Ag nanoparticle tandem catalyst and Cu nanoparticle catalyst of the reduction of CO, to ethanol.'®* Copyright 2020, Cell Press.
(C) The partial current density of Cy. product of different catalysts.'** Copyright 2021, Cell Press.

(D) The rate of CO, reduction to >2e™ products of different catalysts.”’ Copyright 2023 National Academy of Sciences.

(E) Schematic illustration of Cu/Au tandem catalyst of the reduction of CO, to ethanol.?’ Copyright 2023 National Academy of Sciences.

(F) Schematic illustration of FeTPP[CI] on a Cu tandem catalyst and pure Cu electrode of the reduction of CO, to different C,., product.'®® Copyright 2020,
Springer Nature.

that consisting two different components was called tandem catalysts.”*"'%* In CO,RR field, many precious metal materials and SACs have
been studied for electrochemical catalyzing CO, to CO and show excellent selectivity. Therefore, these catalysts are preferred as the first
part of a tandem system. Chen et al. physically mixed Cu nanoparticles with Ag nanoparticles and loaded them on the GDL (Figures 7B
and 7C)."% Since Ag can efficiently generate CO, and Ag and Cu are in close contact, a CO-enriched environment is formed near Cu, which
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Figure 8. Composite catalysts

(A) Schematic showing enhanced ethanol over ethylene production by composite catalysis.

(B) The high-resolution TEM image of Ce(OH),/Cu/PTFE catalyst.'”” Copyright 2019, Springer Nature.

(C) Schematic illustration of Ce(OH),/Cu/PTFE catalyst CO, to ethanol.'”” Copyright 2019, Springer Nature.

(D) The jethanol comparison between Ce(OH),/Cu/PTFE and Cu/PTFE.'%” Copyright 2019, Springer Nature.

(E) The FE of NC—Cu and Cu catalysts.*” Copyright 2020, Springer Nature.

(F) Schematic illustration of NC—Cu reduced CO; to ethanol.** Copyright 2020, Springer Nature.

(G) The FE of CuAl,04/CuO and CuO catalysts.''® Copyright 2023, Wiley-VCH.

(H) Schematic illustration of CuAl,O4/CuO concentrated *H on the surface to facilitate ethanol production.''” Copyright 2023, Wiley-VCH.
(I) The FE ratio of C;H, and ethanol between different surface Sn/Cu atomic ratio catalysts.”> Copyright 2023, Wiley-VCH.

(J) Linear relationship between FEqihanot and OH™ peak position.®” Copyright 2023, Wiley-VCH.

(K) The FE of different products of CuO/SnO, catalyst at different potential.”’ Copyright 2023, Wiley-VCH.

(L) The high-resolution TEM image of CuO/SnO, after reconstructed to Cu/SnO,., at —1.05 V (vs. RHE).®" Copyright 2023, Wiley-VCH.
(M) Schematic illustration of the drop-coating Cu NPs-GDL and 3D Cu-CS-GDL micro structure.!'' Copyright 2023, Springer Nature.
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Figure 8. Continued

(N) The low-resolution TEM image of the hexagonal prismatic Cu microrods (3D Cu-CS-GDL).""" Copyright 2020, Springer Nature.
(O) The high-resolution TEM image of the hexagonal prismatic Cu microrods (3D Cu-CS-GDL).""" Copyright 2020, Springer Nature.
(P) The FE of different product of 3D Cu-CS-GDL catalyst at different current density."'" Copyright 2020, Springer Nature.

is favorable to the conversion of CO into C,., product by Cu. Therefore, the activity to generate C,. products was significantly increased to
Jeos = 160 mA cm™2 (about four times) compared with Cu. This unique and simple method provides a new idea for future catalysts design. If a
local high-concentration CO environment can be effectively constructed near the Cu sites, it may be beneficial to the production of ethanol.
Based on this idea, researchers began to consider coupling catalysts that can efficiently produce CO with Cu to obtain tandem catalysts with
ideal performance. Carlos et al. deposited gold nanoparticles on a fairly flat polycrystalline Cu foil by physical vapor deposition to obtain Au/
Cu tandem catalyst (Figure 7D).*" They ruled out the influence of other aspects such as the Au/Cu alloy interface through experiments and
confirmed that the performance improvement comes from the tandem mechanism, where Au and Cu are in close proximity and have com-
plementary surface chemistry. Remarkably, at low overpotentials, the rate of CO; reduction to >2e™ products is more than 100 times higher on
Au/Cu than on Cu. Kuang et al. prepare bimetallic electrocatalysts based on Cu/Au heterojunctions with an FE toward ethanol of 60% at cur-
rents in excess of 500 mA cm 2. By comparing with CuAu alloy, Cu nanoparticles, Au nanoparticles and Cu nanoparticles and Au nanoparticles
physically mixed catalyst, using in situ ATR-IR confirmed that this heterojunction is beneficial to the formation of OCCOH?*, which in turn can
improve the selectivity of ethanol. Based on DFT results, the adsorption sites of the two C atoms of *CO-*CO are on Cu and Au, respectively,
which leads to the asymmetric hydrogenation of *CO on the Cu site, which in turn promotes the formation of key intermediate (Figure 7E).%'
Besides noble metals, SACs are also an alternative suitable catalyst for CO production. Li et al. immobilized the FeTPP[CI] on a Cu electrode
sputtered on a hydrophobic porous PTFE substrate to realize CO,-to-ethanol conversion with an FE of 41% at a partial current density of 124
mA cm~2 (Figure 7F).'% Notably, the DFT result confirm that the reaction energy decreased more for the formation of *CHCHOH (ethanol
path) compared with that of *CCH (ethylene path). So, they show for the first time that increasing *CO content can modulate the selectivity of
ethylene to ethanol. This conclusion was also confirmed by varying the loading of FeTPP[CI] and using other TPP catalysts. In summary, the
design ideas of the tandem catalysts are the same. The researchers hope to promote the C—C coupling process by constructing a high-con-
centration *CO environment around the Cu catalyst, so as to achieve efficient ethanol production. However, it should be emphasized that just
promoting C—C coupling still cannot achieve high selectivity for ethanol, because this process may also promote the formation of ethylene, so
other means are needed to inhibit the detachment of hydroxyl groups.'®'%” But in any case, under normal circumstances, C—C coupling is
the rate-determining step of C,, products, and usually lowering the energy barrier of this reaction is beneficial to the formation of C,, prod-
ucts like ethanol.

COMPOSITE CATALYSTS

According to the current understanding of most studies, it is difficult for Cu catalysts to directly convert CO; into ethanol. The most important
reason for this is the inability to control the dissociation of hydroxyl group of key intermediate products.”* Therefore, the multi-carbon prod-
ucts produced by most Cu catalysts are dominated by ethylene (Figure 8A). Nevertheless, high ethanol selectivity can be achieved if some
other components are composited on the Cu catalyst, and these components can limit the C—O bond broken.'® Luo et al. deposit Ce(OH),
on Cu/PTFE electrode using the electrochemical deposition method to get the Ce(OH),/Cu/PTFE catalyst (Figures 88-8D)."%” The introduc-
tion of Ce(OH), can regulate the surface coverage of *H, thereby attacking the *HCCOH, forming *HCCHOH, the key intermediate toward
ethanol, promoting ethanol production. In addition, due to the increase of the surface *H coverage, the hydrogen bond of H,O to the hy-
droxyl group is weakened, thereby inhibiting the breaking of the C—O bond. The Ce(OH),/Cu/PTFE can reach FE of 43% for ethanol at an
operating current density of 300 mA cm 2. Wang et al. sputtering a layer of N—C on the surface of Cu/PTFE which can promote C—C coupling
and suppresses the breaking of the C—O bond in HOCCH*, thereby promoting ethanol selectivity in CO,RR (Figures 8E and 8F).* The cata-
lyst delivers an ethanol FE of 52 4+ 1% with a conversion rate of 156 4+ 3 mA cm 2. Notably, the authors found through DFT that the N element
in the surface capping layer is crucial to promote C—C coupling, it is beneficial to electron transfer to adsorbed *CO on Cu.

In addition to the strategies mentioned above to suppress C—O bond breakage, ethanol selectivity can also be improved by changing the
oxophilicity and hydrophobicity of the catalyst.* If the surface of the catalyst is hydrophilic, the surface is easily covered with a large amount of
*H produced by the decomposition of H,O, and these *H are easily combined with the generated *CO intermediate products to protonate
them, and then form *CHO, *CHs, and other intermediate products. When these intermediate products are further coupled, the final product
will be ethanol. However, it should also be noted that the regulation of hydrophilicity needs to be very careful. Because if the hydrophilicity is
too strong, the hydrogen evolution reaction (HER) activity of the catalyst may be significantly improved, which is not conducive to CO,RR.
Zhang et al. prepared the CuAl,O,4/CuO via calcining CuAl-layered double hydroxide (CuAl-LDHs) precursor at 800°C in a pure oxygen at-
mosphere.'"” The authors demonstrated that CuAl,O4 can promote the decomposition of H,O by kinetic isotopic effect, in situ electrochem-
ical impedance spectroscopy (EIS), and *H trapping experiment, which in turn is beneficial to the increase of *H coverage. In addition, DFT
calculations also show that *H preferentially adsorbs at the O sites and the *H spillover has a lower energy barrier on CuAl,QO4, which suggests
that increased *H coverage facilitates the migration of *H to the hydrogenation of subsequent intermediates, thereby boosting ethanol for-
mation. The catalyst delivered an FE of 41% for ethanol at current density of 200 mA cm 2 and exhibited a continuous 150 h durability in a flow
cell (Figure 8G). Regulating the oxophilicity of the catalyst is to prevent the detachment of O, so as to ensure the stable existence of oxygen-
containing functional groups (Figure 8H). Li et al. synthesized a series of dendrite Cu-Sn bimetallic catalysts with different Sn content. Due to
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Figure 9. Non-copper catalysts
(A) Schematic illustration of c-NC converts CO, to ethanol."' Copyright 2017, Wiley-VCH.

(B) The FE of ¢-NC and i-NC under different potential.'"® Copyright 2017, Wiley-VCH.

(C) The reaction energy diagram of different active N sites.'"? Copyright 2017, Wiley-VCH.

(D) Schematic illustration of the synthesis process of PGAs.''* Copyright 2022, Wiley-VCH.

(E) The top and side view of P1@ZZG and P,@ZZG and free energy diagram of reaction coordinate steps.' ' Copyright 2022, Wiley-VCH.

(F) LSV curves of PGA-2 tested in H-cell and flow cell."" Copyright 2022, Wiley-VCH.

(G) Ethanol FE and yield on PGA-2 in flow cell."'* Copyright 2022, Wiley-VCH.

(H) XRD pattern of the SnS,/Sn1-OsG with the Raman spectrum provided in the inset.'' Copyright 2023, Springer Nature.

(I) First shell fitting of the Fourier transformation of the EXAFS spectrum of Sn;-O3G.""> Copyright 2023, Springer Nature.

(J) Schematic illustration showing the cascade reaction during CO, reduction to ethanol over SnS,/Sny-O5G (gray: S, red: O, yellow: H and purple: Sn).""®
Copyright 2023, Copyright 2023, Springer Nature.

(K) Schematic illustration for the catalytic mechanism of ethanol production in CO,RR on Ag*-doped InSe. In: orange; Se: yellow; Ag: blue; C: gray; H: white; O:
red."’® Copyright 2023, Wiley-VCH.

the introduction of Sn, the oxophilicity of CuSn, is enhanced compared to Cu (Figure 8l).%> They used hydroxide adsorption experiments to
correlate the oxophilicity with the Sn content, thus confirming that the higher the Sn content, the higher the oxophilicity (Figure 8J). And found
that when the oxophilicity is controlled in a suitable range (CuSng o25), ethanol has the best selectivity (FEcthanol = 25.93% on CuSng gzs at — 1.4V
with a large partial current density of 15.05 mA cm~2). In addition, this work also introduced other metals with oxophilicity (Pb, Ag), which also
promoted the production of ethanol, further proving their conclusion.

Except the conventional modification methods of catalysts, the use of catalysts to undergo structural evolution under reduction potentials
can also promote the production of ethanol. However, the change in performance brought about by the evolution of the structure is often only
for a certain catalyst, and the root cause of the deeper structural change is still unclear, so more in-depth research is still needed. Wang et al.
explored the evolution of CuO/SnO; catalyst under reducing conditions, and it was found that the catalysts evolved at different potentials had
different selectivity (Figure 8K).°" At —0.85V (vs. RHE), the CuO/SnO; evolves to Cu,O/SnO, with high selectivity to HCOOH (FE of 54.81%).
But the difference is reconstructed to Cu/SnO,., at —1.05 V (vs. RHE) with significantly improved FE to ethanol of 39.8%. Due to the special
interface structure of Cu/SnO,., produced by reconstruction and observed by transmission electron microscopy (TEM) (Figure 8L), the special
absorption configurations of *COOH and *CHOCO via both C and O can interact, favors the *CO formation and lowers the energy barrier for
C—C coupling, and then promoting the production of ethanol, which is detected by in situ Raman test and DFT calculation. Although the
interface constructed in this work has special effects, it is actually difficult to construct such an interface through other types of catalysts. There-
fore, it is difficult to have universal applicability for the electrochemical conversion of CO, to ethanol. Bi et al. prepare 3D Cu-chitosan-GDL
electrode for efficient ethanol production.”"" Due to this special three-dimensional structure, chitosan can be used as a transition layer to
connect the catalyst and the electrode, thereby promoting the structural change of the electrode to form a three-dimensional Cu film (Fig-
ure 8M). The resulting hexagonal prismatic Cu microrods have excellent ethanol catalytic performance, which shows alcohols selectivity is
51.4% with a partial current density of 462.6 mA cm ™2 (Figure 8P). The special role of chitosan can not only change the catalyst structure
to generate abundant (200)/(111) grain boundaries (Figures 8N and 80), but also reduce or eliminate the interfacial contacting resistance be-
tween the catalyst and substrate, which is beneficial to the reaction. This design idea is quite interesting, because a special chitosan is used to
modify the electrode not only produce special grain boundaries to facilitate ethanol production, but also reduce the charge transfer resis-
tance, which can be said to kill two birds with one stone. In general, the deep-seated mechanism of ethanol selectivity improvement caused
by structural changes is worthy of further exploration and in-depth understanding.

NON-COPPER CATALYSTS

In addition to the Cu-based catalysts, there are currently some non-copper catalysts that can produce ethanol, including carbon materials with
heteroatom doping and porous structure.''? These doped heteroatoms such as N and P can serve as functional active sites to promote CO,
conversion. Song et al. synthesized mesoporous N-doped carbons tailored with highly uniform cylindrical channel structures (named as c-NC)
via the self-assembly approach (Figure 9A).""® Both pyridinic and pyrrolic N sites are the active sites for generating *CO. Besides, due to the
special cylindrical channel and high electron density of surface existing in the c-NC, the *CO intermediates can be stabilized. The C—C bond
formation is also favored at pyridinic N sites compared with pyrrolic N, whose reaction energy is —1.31 eV (Figure 9C). Certainly, the electron-
rich surface can also promote the proton-electron transfer process, thus favoring the formation of *OC—COH. The ¢-NC can reach FEqihanol =
77% at the low potential of 0.56 V (vs. RHE), which is one of the highest selectivity until now (Figure 9B). Yang et al. reported P-doped graphene
aerogels (PGAs) catalyst shows ethanol FE = 48.7% at —0.8 V (vs. RHE) (Figures 9D and 9E)."" This material was prepared by a hydrothermal
reduction of dispersed graphene oxide aqueous solution with phosphoric acid, and then freeze-drying and subjected to thermal treatment
(Figure 9D). The author confirmed that the P connected with two carbon atoms at the graphene zigzag edge is the real active site, which can
chemically bind *CO with negative binding energy for further C—C coupling (Figure 9E). Also, the DFT results show that the energy barrier for
*CH,CHOH — *CH,CH (1.37 eV) is much higher than that of *CH,CHOH— *CH,CH,OH (0.45 eV), confirming that ethanol is the more
possible C; product.

There are other metal elements that also have the ability to produce ethanol, such as Sn, Co, etc. These metal sites are extremely se-
lective in producing ethanol in a specific catalyst system. For example, Liu et al. synthesized a special tin-based catalyst SnS,/Sn;-O3G.""*
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Through X-ray diffraction (XRD), EXAFS, isotope labeling, and reactant control experiments (Figures 9H and 9), it can be seen that this
catalyst contains two kinds of active sites, one of which can produce formic acid is Sn/SnS; site, while the other is the SnO3(OH)G site
that can produce *CO and undergo C—C coupling. It should be noted that the carbon support used in this article does not affect the
selectivity and only plays a conductive role. Similar to previous work, the author found that Sn/SnS; nanosheet only have the ability to pro-
duce HCOOH, but because the catalyst has special SnO3(OH)G sites, HCOO (H) can further couple with *CO to generate ethanol (Fig-
ure 9J). The FE of the SnS,/Sn1-O3G for ethanol product can reach an astonishing 82.5%, making it the most selective non-copper-based
catalyst currently. However, this catalyst can only measure such high performance in an H-type cell. When using a flow cell, the FEcihanol
drops to 65%, so this catalyst is difficult to use at high current densities, and its activity still needs to be improved. Xiong et al. incorporated
Ag into InSe and adjusted the doping content to obtain the Ago.o1slng.sssS€0.734 catalyst.''® In this work, the author tested the performance
of the catalyst in the Membrane electrode assemblie (MEA). The FEqhanol can reach 68.7%, and the partial current density reaches 186.6
mA cm™ on the cathode with a full-cell ethanol energy efficiency of 26.1% at 3.0 V. The reason for the excellent performance of this cata-
lyst is the introduction of Ag. Ag will promote the generation and enrichment of *CO in the catalyst system, thereby promoting the
coupling reaction. A single Ag site is conducive to the enrichment of *CO_ and further protonation to produce *CHO, while the
Ag—Ag site is conducive to the enrichment of *COg. The combination of the two sites promotes the coupling of *CHO and *COg to pro-
duce *COCHO, which is then converted into ethanol (Figure 9K).

SUMMARY AND OUTLOOK

Electrochemical reduction of CO; holds immense promise in addressing energy and environmental concerns by facilitating the synthesis of
sustainable fuel ethanol.'”"""® However, a significant hurdle lies in the low selectivity for ethanol, mainly due to the favorable formation of
competing C; products like CO and methane, as well as C,, products like ethylene."'?'?° While minimizing C; products has been success-
ful inhabited through innovative catalyst design and optimized reaction conditions, achieving high ethanol selectivity while effectively sup-
pressing ethylene remains a significant challenge due to the similarity in the reaction pathways leading to the formation of ethylene and
ethanol. Researchers have made significant strides in enhancing ethanol efficiency and suppressing ethylene production through innova-
tive catalyst design strategies. One area of exploration has been the manipulation of catalyst surface morphology and reaction environ-
ments. By tailoring the morphology and structure of pure metal catalysts, scientists have gained insights into how different surface features
can influence the formation of ethanol. Additionally, understanding the Cu valence in catalytic active centers has revealed the potential of
oxidation states in promoting ethanol generation. Alloy catalysts have emerged as promising candidates for enhancing ethanol selectivity.
Their ability to form multi-metal active centers allows for the generation of asymmetric ethanol products. Furthermore, catalysts based on
the concept of tandem catalysis have been designed to promote cooperative reactions and divide labor, effectively boosting ethanol pro-
duction. Composite catalysts have also been a subject of investigation, as they play a crucial role in improving the interface environment
for efficient ethanol synthesis. On the other hand, no-copper catalysts have demonstrated high selectivity for ethanol, presenting exciting
opportunities for enol conversion in CO,RR. Collectively, these research efforts not only advance our knowledge of the mechanisms behind
ethanol formation but also enrich the possibilities for improving the selectivity of CO; electroreduction toward ethanol. While progress has
been achieved in the laboratory-scale electrochemical conversion of CO, to ethanol, significant challenges remain for scaling up the pro-
cess. The first challenge is the need for cost-effective, large-scale preparation of high-selectivity catalysts. Additionally, the currently em-
ployed equipment, such as H-type cells and flow cells, faces high voltage requirements, hindering large-scale ethanol production. MEAs
are better suited for this purpose, but necessitate the development of catalysts capable of enabling long-term, stable, low-voltage ethanol
production in large-area MEA battery stacks. Product separation also presents a key issue. Thus, the development of new catalysts is
crucial for realizing industrial-scale electrochemical conversion of CO; to ethanol In Table 1, we comprehensively summarize the key find-
ings from a selection of representative studies. This structured presentation not only enables straightforward horizontal comparison but
also facilitates the extraction of pertinent information for further analysis and synthesis. Furthermore, we summarize the mainstream mech-
anisms of electrocatalytic CO2 reduction to ethanol as follows: (1) concentration of intermediate *CO coverage, a high coverage of *CO
not only decreases the reaction energy for the C—C coupling step, but also steers the selectivity from ethylene to ethanol. The CO spillover
strategy in tandem catalysts and alloy catalysts, along with the defect site-enhanced CO adsorption strategy, are both designed based on
this theoretical foundation. (2) Asymmetric catalytic center, efficient preparation of ethanol involves constructing asymmetric centers during
catalyst design, guided by its structurally asymmetric nature. For example, the copper/gold heterojunction promotes the asymmetrical
electrohydrogenation of CO,, favoring the production of ethanol over ethylene. By incorporating Ag, the coordinated number and oxide
state of surface Cu sites is optimized, leading to *CO adsorption in both atop and bridge configurations, facilitating the stabilization of
ethanol intermediates through asymmetric C—C coupling. The presence of Cu(l)/Cu(0) in a steady state through a redox shuttle manner
enables dual CO molecules to couple asymmetrically, further enhancing the selectivity toward asymmetric C,, products, namely ethanol.
(3) Concentration of intermediate H coverage, the elevated *H coverage favors the hydrogenation of the *HCCOH intermediate, account-
ing for the increased yield of ethanol.’”! Recent studies have shown that *H, although often associated with the generation of competing
product Hy, plays a crucial role in guiding the efficient conversion of CO; into ethanol. By carefully adjusting the density of Cu surface *H,
researchers have been able to achieve enhanced selectivity for ethanol production. The mechanism we have summarized represents only a
fraction of the numerous insights into converting CO, to ethanol instead of ethylene. Thus, there are still many unique insights that we have
not fully summarized. As we continue to enrich our understanding, a more comprehensive and profound comprehension of the entire pro-
cess will be achieved.
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Table 1. The list of representative catalysts for ethanol production and their performance are summarized in

Potential Jethanol
Materials Electrolyte Cell (V vs. RHE) FEcthano! (%) (mA cm?) Reference
p-CuO-(12.5 nm) 3.0 M KOH Flow cell -0.87 44.1 501 Wang et al.”!
dCu,0/Ag2.39% 1.0 M KOH MEA —2.11no 40.8 326.4 Wang et al.”°
Flow cell iR correction
N-C/Cu 1.0 M KOH Flow cell —0.68 52 156 Wang et al.*”
Ce(OH)x/Cu/PTFE 1.0 M KOH Flow cell -0.70 43 128 Liu et al.”
Cu/FeTPP [Cl] 1.0 M KHCO; Flow cell —0.82 41 124 Suetal.”
CuS/Cu-V 1.0 M KOH Flow cell -0.95 25 100 Liu et al.*’
CuszAgq 0.5 M KHCO3 H-cell —0.95 44 17 Yang et al.”’
Ado.14/CUo g6 1.0 M KOH Flow cell —0.67 41 250 Wang et al.”®
F-Cu 1.0 M KOH Flow cell —0.89 15 240 Ma et al.”’
NGQ/Cu-nr 1.0 M KOH Flow cell —0.90 45 127 Chen et al.*
CusZng 0.1 M KHCO4 H-cell —0.80 46 1.84 Peng et al.®*
Ag/Cu 0.1 M KHCO3 H-cell —1.50 48 34 Hoang et al.”®
CuoZn/PTFE 1.0 M KOH MEA —0.76 25 93 Luo et al.®?
Cuso0Ag1000 1.0 M KOH Flow cell —-0.70 30< 120 Ren et al.”®
MC—CNT/Co 0.5 M KHCO3 H-cell —0.32 60 5.1 lyengar et al.'?"
Bimetallic AgCu 1.0 M KOH Flow cell —0.67 a4 102 Wang et al.”®
Multi-Cu,O 2.0 M KOH Flow cell —0.61 27 96 Dou et al.**
Cu.ps 0.1 M KHCO4 H-cell -1.08 53 16 Xiao et al.*?
1.0 M KOH Flow cell —-0.95 52 52
CuDTA 1.0 M KOH Flow cell -0.70 27 75 Ocampo-Restrepo et al.*’
Cu/Cu,0 0.4 M K+ H-cell -1 41.2 36.9 Yang et al.®®
Cu*/hf-Cu 0.1 MKCI H-cell -0.8 43 0.23 Lu et al.®
Wrinkled Cu 0.1 MKCI H-cell —1.1 40 2.2 Santatiwongchai et al.**
Cu/Au 1.0 M KOH Flow cell —-0.75 60 300 Kuang et al.”’
Ag-Cu,0pg 0.2 M KCI H-cell -1.2 34 1.1 Zeng et al.®o
CuSno 025 0.1 M KHCO3 H-cell —1.4 25 15 Kim et al.”?
Cu-Cu,S 0.1 M KHCO3 H-cell -1.2 46 20.7 Rahaman et al.”’
CuO, 0.5 M KHCO3 H-cell —-0.75 12.9 0.25 Lietal.®®
CoCu H-cell 61 Li etal.
Cu nanoparticles 1.0 M KOH Flow cell -0.8 17 50 She et al.””’
200 nm Cu/PTFE 0.1 M KHCO; MEA 4.7 20 40 Miao et al.*
Tank pressure
Au/Cu bimetallic 0.1 M KHCO3 H-cell -0.9 5 0.15 Morales-Guio et al.”'
Cup.p(240)/AglOs 0.2 M KHCO4 H-cell -1.05 33.2 17.5 Liu et al.”®
Cu Mesh (Cu,0) 0.5 M KHCO4 H-cell -1.0 13 15 Liu et al.*®
Cu,Zn 0.1 M KHCO4 H-cell —1.05 29.1 8.2 Li et al.®®
3.6 um Cu,O film/Cu 0.1 M KHCO4 H-cell —0.99 16 5.6 Schouten et al.””
c-NC 0.1 M KHCO4 H-cell —0.56 77 0.2 Abeyweera et al.'”?
Cu/Ng 14C 0.1 M KHCO4 H-cell —1.1 51 14.4 Park et al.'®
Cuy 25Vo.105e 1.0 M KOH Flow cell —0.80 68.3 207.9 Chen et al.*®
Cu(Ag-20)50 0.1 M KHCO4 Flow cell —1.1 16.5 4.1 Xu et al.'%®
100-cycle Cu 0.25 M KHCO3 H-cell —0.95 13 7.5 Luo et al.’””

(Continued on next page)
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Table 1. Continued

Potential Jethanol

Materials Electrolyte Cell (V vs. RHE) FEethanol (%) (mA cm?) Reference
Vse-Cup,Se 0.5 M KHCO4 H-cell —0.80 68.1 7 Hoang et al.”’
BaO/Cu 1.0 M KOH Flow cell —-0.75 50 200 Chen et al.”’
Cu/C-0.4 0.1 M KHCO3 Flow cell —0.70 91 1.23 Xu et al.”®
Cu/C-0.8 0.1 M KHCOs Flow cell —-0.70 90 1.38
Hex-2Cu-O 1.0 M KOH Flow cell —0.66 25 69 Yang et al.”*

0.1 M KHCOs H-cell —-1.20 32.5 3.97
CuO-FC 1.0 M KOH Flow cell -1.0 35.7 127.2 Ren et al.”®
PGA-2 0.5 M KHCO4 H-cell —0.80 48.7 4.7 Ma et al.’®®
Ce0,/CuS 1.0 M KOH Flow cell —0.80 54 54.2 Gu etal.”?
Al-Cu/Cu,0 1.0 M KOH Flow cell -1.0 48.8 271.5 Zhang et al.*’
CuAl,04 1.0 M KOH Flow cell -1.0 41 82 Cao etal.”
/CuO
B-doped Cu 0.1 MKCI H-cell -1.10 27 18.8 Kuo et al.”
CuSno.ozs 0.1 M KHCO; H-cell —1.40 25.93 15.05 Kim et al.”®
CuO/Sn0, 0.5 M KHCO4 H-cell -1.05 39.84 6.79 Reske et al.”®
3D Cu-CS-GDL 1 M KOH Flow cell —0.87 41.4 372.6 lyengar et al.'*
SnS,/Sn;-O3G 0.5 M KHCO4 H-cell —0.90 82.5 14.68 Chen et al.'™
AdolorsInosas 0.1 M KHCO5 H-cell —0.60 75.2 13.4 Li eta al.'®®
Seo.734

To realize a practical CO,-to-ethanol electrochemical conversion, it is imperative not only to attain high selectivity but also to fulfill various
other crucial performance metrics. These include optimizing the reaction rate, enhancing energy efficiency, ensuring stability, and achieving
desired product concentration, as outlined in the provided reference. The theoretical potential for electrochemical CO,-to-ethanol conver-
sion is 0.084 V. Assuming perfect efficiency with no performance degradation, the minimum cost of ethanol production via CO; electrolysis is
$0.32/L. This is below the 2017 average price on the US Gulf Coast, which was $0.39/L, suggesting that profitable production is feasible. How-
ever, these calculations are based on ideal conditions, and actual commercialization faces significant complexities. In catalyst design for
ethanol, key considerations include increasing *CO coverage and tuning its adsorption strength for C, synthesis. Unlike ethylene, ethanol
production relies on stabilizing the C—O bond in oxygen-containing intermediates. Designing catalysts with oxyphilic surfaces aids in preser-
ving these bonds, favoring ethanol over ethylene. Lastly, *H coverage on the surface should be optimized to facilitate hydrogenation of in-
termediates, promoting ethanol generation, while avoiding excessive or insufficient coverage that could favor HER or C;H,4 production.
Beyond catalyst design, the CO, to ethanol conversion system also hinges on equipment design. As electrolysis time increases, accumulated
ethanol may degrade catalyst performance, necessitating timely product separation. Traditional equipment like flow cells and MEAs struggle
with this, prompting the development of solid-state electrolytic cells. While currently used for CO and HCOOH preparation, these could be
adapted for ethanol production. Given the presence of other liquid products, achieving high-purity ethanol is crucial, typically involving distil-
lation and molecular sieve filtration. Thus, catalyst design, equipment, and post-treatment are all vital considerations in this. Meeting these
ambitious targets demands groundbreaking progress in catalyst design and electrochemical system engineering. The effective enhancement
of reactive transfer and increased current density can be achieved through the development and utilization of gas diffusion electrodes (GDEs)
and membrane components. However, this progress also brings forth challenges such as product and carbonate/bicarbonate crossover,
along with the issue of poor GDE stability. In addition to cell design, exploring the following aspects may help us to create an excellent
CO,, to ethanol interface: (1) asymmetric reactive microenvironment, In the context of CO,RR, the interface microenvironment plays a crucial
role in influencing the reaction outcomes. Various factors, such as the local pH value, interface wettability, and cation effects, have been iden-
tified as key determinants in significantly improving the selectivity of the products. Taking inspiration from the asymmetric catalytic center in
ethanol, innovative approaches could be explored to design electrode materials or catalysts with inherent asymmetry. Such materials may
facilitate selective adsorption or catalytic transformations on specific facets or sites, promoting asymmetric product distribution. Combining
the inherent asymmetry of ethanol with an asymmetric interfacial microenvironment may hold the key to unlocking new possibilities for
achieving higher product selectivity. However, it is essential to carefully optimize and control these asymmetric features to avoid unintended
side effects or imbalances that could hinder the overall efficiency of the CO,RR process. Moreover, comprehensive understanding
and detailed investigations using advanced experimental and computational techniques will be necessary to unravel the underlying mech-
anisms and ensure successful implementation of this intriguing concept. In conclusion, the potential synergy between the asymmetric char-
acteristics of ethanol and an asymmetric interfacial microenvironment presents an exciting avenue for achieving significant breakthroughs in
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Figure 10. Schematic diagram of the development of an asymmetric environment and the detection of intermediates from CO; reduction to ethanol

CO,-to-ethanol conversion (Figure 10). 2) Regulation of adsorption intermediates, understanding the role of intermediate species in the CO,-
to-ethanol conversion is crucial for determining the specific pathway leading to ethanol formation. The current research is limited to a few

intermediates like CO and H. To improve the process, further investigation and identification of key intermediates are needed (Figure 10).
The use of operando techniques and computational modeling can provide deeper insights into intermediate behavior. Broadening our
knowledge of intermediates is essential for advancing CO,-to-ethanol conversion.
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