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Abstract: Electrochemical CO, reduction (ECR) has emerged as a promising solution to address
both the greenhouse effect caused by CO, emissions and the energy shortage resulting from the
depletion of nonrenewable fossil fuels. The production of multicarbon (Cp,) products via ECR,
especially high-energy-density alcohols, is highly desirable for industrial applications. Copper
(Cu) is the only metal that produces alcohols with appreciable efficiency and kinetic viability in
aqueous solutions. However, poor product selectivity is the main technical problem for applying
the ECR technology in alcohol production. Extensive research has resulted in the rational design of
electrocatalyst architectures using various strategies. This design significantly affects the adsorption
energetics of intermediates and the reaction pathways for alcohol production. In this review, we focus
on the design of effective catalysts for ECR to alcohols, discussing fundamental principles, innovative
strategies, and mechanism understanding. Furthermore, the challenges and prospects in utilizing
Cu-based materials for alcohol production via ECR are discussed.

Keywords: electrochemical CO, reduction; copper-based catalysts; alcohols; mechanism understanding

1. Introduction

The carbon-neutral production of fuels and chemical feedstocks is one of the grand
challenges for our society to solve [1]. The conversion of CO; into value-added fuels is
particularly beneficial for establishing a carbon-neutral system, resulting in widespread
interest. Various methods for converting CO; into carbon-containing fuels exist, including
thermochemical, photochemical, biochemical, and electrochemical catalytic conversion
routes [2—4]. Among these routes, electrochemical CO, reduction (ECR) has gained signifi-
cant attention in recent years due to its advantages in terms of operating under ambient
temperature and pressure conditions, as well as its simplicity in operation. Furthermore,
the utilization of electricity from renewable energy sources, such as solar, wind, and tidal
power, provides an effective approach for energy storage and conversion to address the
challenges posed by geographical and intermittent renewable energy availability. However,
CO; poses a significant challenge in its conversion to other compounds due to its excep-
tional stability and the high energy required to break the C-O bond (about 750 k] mol ) [5].
The inherent stability and chemical inertness of linear CO, contribute to the uphill energy
process and high activation barrier, leading to large overpotentials and limiting the effi-
ciency of CO, conversion. Additionally, the hydrogen evolution reaction (HER) competes
with ECR and further hampers selectivity towards carbonaceous products [6].
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It was reported that various target products can be obtained from CO, by means
of ECR, for instance, CO, HCOOH, CHy, CH30H, C;Hy, and so on. Among the many
products that can be produced by means of ECR, alcohols (CH30H, C,HsOH, C3H;OH,
etc.), with a high market price and a large market size, are attractive targets [7]. Alcohols
hold a prominent position in modern society as vital organic commodity chemicals, finding
extensive applications as fuel components, chemical synthesis precursors, and essential
compounds in the medical and food industries. In conventional industries, the production
of alcohols needs to use agricultural feedstocks and consume a large amount of thermal
energy. In contrast, selective ECR to alcohols with renewable electricity is a green and
sustainable route, which is highly desirable.

Due to its unique characteristics and properties, copper (Cu) stands out as the sole
single-metal catalyst capable of generating high-energy-density hydrocarbons and alcohols
with reasonable efficiencies [8]. Numerous Cu-based catalysts have been reported to
facilitate the production of specific alcohols through ECR. However, the ECR process for
alcohol production still faces several challenges, including high overpotential, low Faradaic
efficiency (FE), and low yield rates. Moreover, the inert nature of the CO, molecule and the
involvement of multiple electron and proton transfers render the overall reaction kinetically
sluggish, necessitating large overpotentials for both the anodic oxygen evolution reaction
(OER) and the cathodic CO, reduction [8]. Hence, designing electrochemical catalysts for
efficient ECR to alcohols with high selectivity and low overpotential is crucial.

While recent progress in ECR for alcohol production, particularly that of ethanol, has
been extensively reviewed, significant achievements have also been made in developing
catalytic materials for ECR towards multicarbon alcohols [9,10]. Thus, a comprehensive
review of the state of the art in advanced catalyst design for alcohol production from ECR
is warranted. This review article aims to guide further research by discussing the funda-
mental principles of catalyst design and the mechanisms involved in alcohol production.
Firstly, we delve into the mechanism leading to alcohols as the fundamental principle for
designing catalysis materials. Subsequently, we extensively review innovative strategies
based on newly developed electrocatalysts, followed by a discussion on advanced spec-
troelectrochemical analysis. Finally, we address the remaining challenges and provide
perspectives for ECR to alcohols. We believe that this critical minireview will provide
essential background information for further advancements in the applications of Cu-based
materials in ECR for alcohol production.

2. Fundamentals for CO, Reduction to Alcohols

Understanding the specific reaction pathways of ECR to alcohols is of utmost im-
portance in guiding the design and synthesis of highly efficient catalysts. However, the
process of alcohol generation via ECR consists of multiple charge-transfer steps, requiring
6 to 18 electrons and protons in total [7] (Table 1). Moreover, the overlapping energy
levels between ECR and the hydrogen evolution reaction (HER) make mechanistic studies
of ECR more difficult, leading to some unanswered mechanistic questions for the field.
Therefore, various techniques like spectroscopy and electrochemical analysis, along with
theoretical calculations, have been used to investigate the reaction pathways leading to
alcohol formation in ECR [11,12]. These studies help us to understand the role of catalyst
materials, surface structures, and reaction conditions in influencing alcohol production.

Table 1. Electrode Reactions with Equilibrium Potentials (V vs. RHE) [13].

Product Reaction Potential
Methanol COs(g) + 6H" + 6e~ — CH30H (1) + HO (1) 0.03
Ethanol 2CO,(g) + 12H* + 12~ — C,H5O0H (1) + 3H,0 (1) 0.09

Propanol 3CO,(g) + 18H* + 18e~ — CH3CH,CH,O0H (1) + 5H,O (1) 0.1
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Figure 1 depicts a simplified representation of a widely accepted pathway for alcohol
formation in ECR. The actual mechanisms may be more complex, involving additional
reactions and intermediate species [14,15]. Further research is needed to fully understand
these pathways and optimize catalyst design for better alcohol production. Currently, the
ECR process can be dissected into three pivotal stages: the formation of a CO intermediate,
C-C coupling, and the hydrodeoxygenation of C; intermediates [16,17]. Initially, the CO,
molecule is adsorbed onto the catalyst surface and undergoes activation, resulting in the
formation of adsorbed carbon dioxide (*CO,). Subsequently, a reduction reaction takes
place, giving rise to the generation of adsorbed CO (*CO). It has been postulated that
*COOH serves as the initial intermediate for CO formation, while *XOCHO is deemed as the
probable intermediate for formic acid production [18,19]. In-depth investigations employ-
ing in situ surface-enhanced infrared absorption and Raman spectroscopic techniques have
shed light on the essential role played by the *CO species in facilitating the production
of >2e™ products during ECR [20,21]. Achieving an optimal binding strength of the *CO
species is of paramount importance in promoting alcohol formation and facilitating the
C-C coupling process, particularly in the context of ethanol and n-propanol production.
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Figure 1. The reaction pathways of electrocatalytic CO, reduction to various alcohols.

The production of the C; alcohol, methanol (MeOH), involves the protonation of *CO,
leading to the formation of the absorbed formyl (*COH) intermediate, which represents the
rate-determining step (RDS). Subsequently, *COH undergoes a cascade of proton—electron
coupled transfer (PECT) steps, ultimately yielding the *OCHj3 species. The selectivity
between MeOH and methane hinges on the subsequent hydrogenation of *OCHj. For the
formation of Cy, alcohols, the C-C coupling process assumes a pivotal role. The generation
of ethanol entails a rate-determining step (RDS) identified as *CO-CO dimerization, fol-
lowed by protonation and dehydration steps, ultimately leading to the formation of the
intermediate *CH,-CHO. The subsequent reduction pathway of *CH,-CHO can bifurcate,
resulting in the production of either ethylene or C,, alcohols. Consequently, *CH,-CHO as-
sumes the role of the selectivity-determining intermediate (SDI) governing the production
of Cy, alcohols. The production of Cs alcohols (PrOH) through ECR remains an ongoing
challenge, with limited success reported in obtaining C3 alcohols. Proposed mechanisms
involve the intermolecular C-C coupling of adsorbed C; and C; intermediates, followed by
intricate proton—electron transfers, ultimately leading to the formation of propionaldehyde.
Accordingly, propionaldehyde can be further hydrogenated to produce PrOH [22-24]. In
addition to the above pathway from *CO-CO dimerization, it was also found that ethanol
can be selectively enhanced via the *CHx-*CO coupling pathway on a Cu surface in a
CO-enriched environment [25,26].

3. Strategies to Improve Alcohol Production
3.1. Crystal Facet Regulation

As a typical model system, single-crystal materials have been paid great attention for
their structure—performance relationship in ECR and many other catalysis systems [7,27].
Due to the distinct arrangement of surface atoms and the resulting interaction with reaction
molecules, different crystal facets of the catalysts tend to present varied performance
toward ECR [28]. The first ECR on single-crystal Cu was performed by Frese, who found
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(a)

increasing CHy4 generation on Cu(100), Cu(110), and Cu(111) surfaces [29]. In 2002, Hori
etal. systematically studied the important impact of Cu facets toward specific ECR products,
including CH4, C,Hy, CH3COOH, CH3CHO, and C,H50H [30]. So far, a number of
studies on copper single crystals have deepened our understanding of the structure-activity
relationship of specific crystal facets for ECR. For example, Cu(100) was found to be easier
for C-C coupling by combining electrochemical tests and DFT calculations [31]. In situ
Raman was performed recently, confirming that higher surface coverage of adsorbed *CO
on the Cu(110) surface promotes the formation of the *OCCO and *CH,CHO intermediates
to generate Cy products; comparatively, the Cu(111) surface possessed low *CO coverage to
produce CHy [32]. In recent research, a product-specific active site for ECR was concluded
by means of detailed analysis on nine single-crystal copper surfaces. The functions of
lattice facet, coordination number, and step-terrace angle were taken into consideration for
specific ECR performance, and Cu(110), which possesses a coordination number of seven
and a larger step-terrace angle, was found to be able to promote ethanol production [33].
Additionally, some high-index copper facets have been found to prefer C,, production in
ECR [34,35]. For example, a wrinkled Cu catalyst with high-density (200) and (310) facets
was fabricated by means of a chemical vapor deposition (CVD) graphene growth process
(Figure 2). High ethanol selectivity of 40% was achieved at —0.9 V vs. RHE during ECR,
and the (310) facet was calculated to possess a low C-C coupling barrier and preferred
ethanol pathway [36]. By covering Cu overlayers on THH Pd NCs with high-index facets,
~20% FE of ECR to ethanol at —0.46 V vs. RHE was obtained [37].

/\ (b) Ethanol Production

Nanowrinkled Cu

4 Wrinkled Cu
40 tw Cufilm

-12 -10 -08 -06

Step-sites with high-facets Potential (V vs. RHE)

Figure 2. (a) Schematic of the synthesis of a highly dense Cu step-site catalyst with a high-facet
atomic arrangement. (b) Faradaic efficiency results in 0.1 M KCl electrolyte by varying the potential
with winkled Cu and Cu film catalysts. Reproduced with permission from Ref. [36], Copyright
(2021) ACS.

3.2. Oxide-Derived Cu

Generally, the surface of copper can be oxidized easily without protection [38]. The
extraordinary performance of oxide-derived copper (OD Cu) in catalyzing CO; into deeply
reduced products has already been found. In 1990, Frese et al. noticed that the production
of MeOH can be promoted on Cu,O, which they attributed to the role of Cu(I) or monolayer
oxygen [39], leading the research on OD Cu toward deep ECR/CORR [40-42].

The function of the oxidative copper or oxygen in OD Cu for catalyzing deep ECR was
further studied [43-45]. Strategies have also been proposed to maintain the positive state of
copper during ECR, such as by adding self-sacrificing supports or electron receivers [46,47].
Doping boron with Cu is an efficient approach to tune and increase the stability of Cu®*
under ECR. By incorporating B atoms, boron-doped copper exhibits stable electron local-
ization, leading to the production of highly selective ethylene and ethanol products [48-50].
Using a pulsed electrolysis technique that intermittently applies a suitable positive potential
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during negative potentiostatic electrolysis, significantly enhanced ethanol production on
copper was discovered. It was believed that the coexistence of the continuously in situ
regenerated Cu(I) with Cu(0) species helped improve the CO,-to-ethanol performance [51]
(Figure 3a,b). Chen et al. also suggested that Cu and Cu(]) can offer an asymmetrical OCCO
adsorbing site, ensuing the stabilization of the carbonyl group by the OH groups at the
boundary of Cu-Cu(l) motifs, promoting the formation of asymmetric alcohols [52]. The
positive polarization of the electrode also lowers the coverage of the surface hydrogen, thus
suppressing HER and improving ethanol formation due to the higher OH concentration.
Some calculations also concluded the function of the special interface of Cu(I) and Cu(0) to
improve the kinetics and thermodynamics of both CO; activation and CO dimerization [53].
First, Cu* sites can bind an H,O molecule neighboring to the Cu® region, which can form
strong hydrogen bonds with the absorbed CO, on the Cu’, stabilizing both the transition
state and the final state. Second, when there are nearby Cu* and Cu that the respective C
atoms of two CO can bond with, the C atom of CO@Cu" is positively charged, while the C
atom of CO@Cu’ is negatively charged due to back donation. The attractive electrostatics
between the two C atoms facilitate C-C coupling.
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Figure 3. (a) Atomic force microscopy images of a Cu(100) electrode after different surface treatments
and reaction settings. (b) Qqefects/ Q100 and product selectivity as a function of t,/t. applied. Re-
produced with permission from Ref. (The red arrows correspond to Qqefects / Q100, The blue arrows
correspond to the selectivity of CHy, The green arrows correspond to the selectivity of ethano) [51],
Copyright (2020) Springer Nature.

On the other side, some researchers believed that it is hard to maintain the positive state
of Cu in OD Cu under the negative potential of ECR, so the genuine active site for deep ECR
cannot be the positively charged Cu. As some studies showed, the oxygen in copper oxide
was completely removed during ECR, and the real active sites for C,, production were the
subsequently generated low-coordinated copper sites and abundant grain boundaries that
improve C-C coupling [54-56]. This suggests that we should follow the state of Cu during
ECR in detail using in situ/operando techniques to draw a solid conclusion.
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3.3. Alloying

The introduction of heteroatoms into copper, either to adjust the electronic structure, to
promote specific intermediate adsorption, or to protect active sites and generate synergies,
can sometimes obtain superior ECR performance to that of pure copper metal [57-59].
Alloys can be thought of a special kind of doping material that possesses relatively uniform
crystal structure. Outstanding performances have also been gained on copper-based
alloys. For example, a series of PdxCuy bimetallic aerogels with varied compositions were
fabricated. The selectivity of MeOH generation during ECR was found to correlate with the
atom ratio of Pd and Cu. An extremely high FE of 80.0% for MeOH with a current density of
31.8 mA cm 2 was obtained with PdgzCuyy. This outstanding performance was credited to
the high Pd?/Pd!" and Cu'+Cu®/Cu"! ratios and sufficient Pd/Cu grain boundaries, but the
underlying mechanism needs to be further explored [60]. Au and Ag are more frequently
chosen as alloy metals with Cu. Au-Cu alloy nanoparticle-embedded Cu submicrocone
arrays were designed for ECR, and 29 + 4% selectivity for ethanol was gained [57]. It
was stressed that the Au can regulate the binding energies of key intermediates (including
CH,CHO*, CH3CHO¥*, and CH3CH,0%), so the activity and selectivity of EtOH/C,Hy
can be adjusted through controlling the content of Au. Recently, a CuAg alloy catalyst
was obtained by means of co-electrodeposition in a supersaturation environment. Under
supersaturated conditions in highly carbonated electrolytes, the alloy presented a high
selectivity of ECR to 2-propanol, with an FE of 56.7% and a specific current density of
59.3 mA cm 2. Operando FTIR suggested the critical role of *CO and *OCH,CHj for C;-C;
coupling, as the potential decreased from —0.2 to —0.73 V vs. RHE, and both their bands
were progressively intensified. Further calculations showed that the surface binding of
intermediates in the middle position of the alkyl chain was weakened, while the C-O
bonds were strengthened due to the dispersed Ag atoms in Cu, facilitating the formation of
2-propanol over 1-propanol [61].

3.4. Tandem Catalysis

In a tandem catalysis system, there may be two or more kinds of components working
in turn in different steps toward deep ECR for Cp, products. Due to the better performance
of CORR in generating C,, products as compared to ECR on copper, the introduction of
an assisting metal to produce CO for copper is an promising strategy for deep ECR [62].
For example, Zn was introduced to produce CO, which could then migrate to copper to
form *CHy. The *COCH, formed after further CO insertion served as an intermediate to
obtain alcohols [63] (Figure 4a). In another work, gold nanoparticles were deposited on
a polycrystalline copper foil surface, and greatly enhanced C,, alcohol production was
obtained due to the high CO concentration generated by gold and the further reduction on
copper in a locally alkaline environment [64].

Besides Zn and Au, Ag has also been chosen as the assisting component in tandem
systems. A specially designed Cu@Ag core—shell NP structure was reported for tandem
catalysis. The production of CO and C-C coupling was realized on the Ag shell and Cu
core, respectively, offering inspiration for catalyst structure design for tandem systems [65].
In another work, the importance of efficient CO intermediate management for tandem
catalysis was stressed. A segmented gas-diffusion electrode (s-GDE) was designed to
integrate an inlet CO-selective catalyst layer (CL) segment and a subsequent C,,-selective
segment. By adjusting the relative lengths and loadings of the two parts (e.g., Ag and
Cu), the residence time of CO in the Cu CL segment can be maximized. Compared to a
non-segmented Cu/Ag GDE, a 300% increase in CO utilization was achieved, and a 250%
increase in jCp, relative to pure Cu was gained [66].

More detailed reaction observations and calculations, together with device engineering,
have been carried out to understand the structure—activity relationship and obtain better
performance for ECR tandem catalysis. Taking an epitaxial Au/Cu heterostructure as
a model system, Zhu et al. found that the restructured Au-Cu alloy supported Au@Cu
core—shell nanoclusters during ECR under atomic-resolution TEM, which was driven
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by Au interdiffusion and Cu redeposition (Figure 4b). The in situ formed Au-Cu alloy
was thought to provide active sites for the stable generation of CO, which was further
reduced to Cy, alcohols on the Cu shell, as proved by finite-element simulation and DFT
calculations. The catalyst had ~150 mV more positive onset potential toward C,, alcohols
and presented a 400-fold improvement in the generation of alcohols over hydrocarbons
compared to monometallic Cu [67]. In another work on copper-gold heterojunctions, a 60%
FE of ethanol at a current exceeding 500 mA cm~2 was achieved, and the critical function
of the intermediate was stressed. In situ ATR-IR measurements and simulations suggested
that reduction of CO; at the copper/gold heterojunction is dominated by the production
of the OCCOH* intermediate, the asymmetrical hydrogenation of which leads to superior
selectivity toward ethanol [68].
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Figure 4. (a) Tandem mechanism for the electroreduction of CO, to ethanol on CuyZn catalysts:
stages 1 — 2, four protons and four electrons reduce two CO, molecules to CO on Cu and Zn,
respectively; stages 2 — 3, four protons and four electrons reduce CO molecule to *CHj; on Cu,
while CO produced by Zn desorbs and migrates near the *CHj; stages 3 — 4, CO inserts into
the bond between Cu and *CHj to form *COCH),; stages 4 — 5, two protons and two electrons
reduce *COCH; to CH3CHO (acetaldehyde); stages 5 — 6, two protons and two electrons reduce
CH3CHO to CH3CH,OH (ethanol). Reproduced with permission from Ref. [63], Copyright (2016)
ACS. (b) A schematic diagram of the “tandem” electrocatalysis pathway on a reconstructed Au-Cu
electrode (left), and an overview of the concentration and flux distribution of *CO and ethanol on a
reconstructed Au-Cu heterostructure (right). Reproduced with permission from Ref. [67], Copyright
(2022) Elsevier Inc.

3.5. Single-Atom Catalysts

Generalized single-atom catalysts (SACs) include molecular catalysts, carbon- or metal-
oxide-supported single-metal-site catalysts, and some dispersed metal alloys [69]. ECR
has been broadly studied on these materials, and some of them have shown outstand-
ing performance. For example, with carbon nanotubes as a conductive support, cobalt
phthalocyanine (CoPc) presented great potential for methanol production [70,71]. As for
Cu single atoms, Yang et al. fabricated Cu-decorated through-hole carbon nanofibers
(CuSAs/TCNFs), which presented 44% methanol production during ECR [72]. DFT calcula-
tions showed that the Cu single atoms could bind more strongly with the *CO intermediate,
which could be further reduced rather than being easily released as CO. The abundant
exposed Cu single atoms also endowed the catalyst with a —93 mA cm™2 partial current
density for C; products and 50 h stability. Recently, a >60% methanol FE was achieved us-
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ing monodispersed cobalt phthalocyanine (CoPc) on single-walled CNTs (CoPc/SWCNTs)
for ECR. Raman spectroscopy combined with XPS and XANES illustrated that the strong
molecule-support interaction induced the local geometry and electronic structure change
of the CoPc anchored on SWCNTs. Further calculations suggested that the curved CoPc
can bind more strongly with *CO, making the deeper reduction to methanol of the latter
easier compared to that of *CO on CoPc with low deformation [71].

Generally, the production of Cy, products by means of ECR on copper needs two
nearby copper sites to realize C-C coupling, which appears to be hard for many SACs.
However, it has been discovered that SACs can also make sense. For example, using a
Cu-Ny structured catalyst based on a N-doped carbon matrix obtained via a pyrolytic route,
55% FE of ethanol was achieved by means of ECR under —1.2 V vs. RHE in 0.1 M CsHCO3
solution [73]. Operando XAS observations showed that the in situ Cu-Cu bond formed
under the optimal catalytic potential, which implied that the Cu single atoms can migrate
to generate Cu clusters to serve as the real active sites for ethanol production. This work
inspires the notion that SACs can serve as precursors for real active site generation. In
another work, ECR was conducted on a carbon-supported single-Cu-atom catalyst syn-
thesized through a Cu-Li method [74]. High selectivity of 91% toward ethanol generation
was obtained, and via operando XAS characterization, the initial dispersed Cu atoms were
found to reversibly form Cuy, clusters in the applied electrocatalytic environment, acting as
the genuine catalytic sites. A number of studies on Cu-based MOFs and molecular catalysts
(e.g., CuPc and CuPor) combining experimental and theoretical calculations also found that
the isolated Cu centers tended to aggregate, creating Cu nanoparticles to actually catalyze
ECR to generated deep reduced products [75-79]. On the other hand, some researchers
believe that the single Cu atoms can remain stable during the ECR process. In a recent
work, Xia et al. synthesized Cu SACs with a Cu content of up to 13.35 wt% by means
of a silica-mediated hydrogen-bonded organic framework (HOF)-templated strategy [80].
Electrochemical testing of ECR in an H cell found that under —1.1 V vs. RHE in 0.5 M
CsHCO3, the FE of ethanol reached 81.9% with a partial current density of 35.6 mA cm™2.
Further DFT calculations evidenced that the adjacent Cu-Nj structures serve as active sites
to promote C-C coupling. However, due to the lack of operando observations of the Cu
states, the real behavior of the Cu atoms during catalysis remained unclear. Taking the
above phenomenon into consideration, the real structure-activity relationship of Cu-based
single-site catalysts needs to be carefully considered.

3.6. Interface Engineering

Attaching groups or molecules to the copper surface or modifying the copper surface
with additives is sometimes an effective way to regulate the catalytic performance to build
a specific microenvironment. For ECR, some of the benefits that surface ligands can bring
to catalysts were discussed in [81,82]. Ligands on copper can effectively adjust the surface
concentration of intermediates and their interaction with the catalysts. For example, when
Cu nanoneedles were coated with hydrophobic PTFE, the supply of protons to the catalysts
and, thus, HER was suppressed, with ethanol production elevated from 7.7% to 25.8% due
to the concentrated CO, [83]. In another work, by modifying a sputtered copper surface
with alkanethiols of different alkyl chain lengths to continuously regulate the interfacial
wettability, the mass transport of CO, and H,O during ECR was regulated. The resulting
changes in *CO and *H coverage were quantified by means of in situ ATR-SEIRAS spectra
and the decay distances from CLSM, revealing that the increase in hydrophobicity led to
increasing *CO coverage and decreasing *H coverage. The variation in the kinetic-controlled
*CO and *H ratio affected ethylene and ethanol pathways such that at the optimal level, a
highest selectivity for ethanol of 53.7% was gained [84].

In another work, an h-BN/Cu interface was constructed, the perimeter of which
was concluded to provide specific chelating sites to stabilize the intermediates, activating
the conversion of *CO to *CHO; >60% CH, formation was achieved during ECR [85].
As a surface modification to improve catalytic stability, graphene oxide was coated onto
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5-fold twinned copper nanowires for ECR. Intensified morphological stability and CHy
production selectivity were obtained due to the protection provided by the GO [86]. Follow-
up work should be carried out to investigate more delicate regulation of the catalyst surface
ligands in order to realize optimal interaction with the reaction species, controllable catalytic
performance, and improved stability.

3.7. Non-Metal Sites

Catalysts without a metal component can lower manufacturing costs and improve
catalytic stability, given that metal loss and deactivation appear frequently in many metal
catalysis systems. Due to their high electrical conductivity and structural stability, carbon
materials are usually chosen as a support to dope nonmetal heteroatoms (e.g., N and B) for
ECR [87,88]. In some special designed systems, efficient alcohol production was achieved
using doped carbon. For example, Wu et al. designed N-doped graphene quantum dots
(NGQDs) to catalyze CO,, reaching a high FE of ECR of up to 90% and a selectivity for
ethylene/ethanol of 45%. Ex situ X-ray photoelectron spectroscopy (XPS) revealed that
the pyridinic N located at the edge site of graphene accelerated the CO, adsorption [89].
Subsequently, mesoporous N-doped carbons were fabricated to catalyze CO, into EtOH
with an FE of up to 77% at —0.56 V vs. RHE, in which pyridinic N was concluded to favor
*CO formation for further C-C coupling to form ethanol [90]. Calculations also confirmed
the reduced free energy of ECR to ethanol on N-doped graphene [91]. Besides N, B was
also selected to modify carbon for effective ECR. The FE of ECR to MeOH reached 24.3% on
boron-doped diamond (BDD) in an NHj solution [92]. Further, the co-doping of B/N on
diamond even improved the selectivity of ECR to ethanol up to 93.2% at —1 V vs. RHE. DFT
calculations proved the synergistic effect of B and N, wherein the former intensified the
CO; capture through bonding with one O atom of absorbed CO,, and the latter facilitated
*H transfer for hydrogenation [93]. Enormous potential remains in this field for future
exploration.

4. Advanced Spectroelectrochemical Analysis for Mechanism Understanding

Combined with theoretical calculations, many advanced characterization techniques
have been playing an important role in ECR observation and mechanism understanding,
especially in situ/operando analysis [11,94]. Chen et al. called for the development of
various complementary in situ/operando techniques for dynamic interface detection,
aiming to present a comprehensive picture of interfacial electrocatalysis [12]. Among
these techniques, identifying reaction intermediates using spectroscopic techniques during
electrocatalysis can help to deduce the reaction pathway and provide an understanding of
the reaction mechanism. For example, through isotope-labelled co-reduction experiments
where *CH;I and '2CO were respectively co-fed as the methyl and carbonyl sources, the
asymmetric C-C coupling pathway on a Cu surface was confirmed [95]. In situ infrared
and Raman spectroscopy are powerful tools for reaction intermediate recognition. In recent
research, the evolution of the adsorption strength of the intermediates, including *O,CO,
*OCOOH, *COOH, and *CO, was observed on a Cu(100) surface using in situ Raman
spectroscopy, combined with the formation of nanoclusters, which may influence the ECR
reactivity [96]. In the following, research toward reaction pathway recognition is briefly
summarized, classified by different alcohol products.

4.1. Methanol

Methanol is a valuable but relatively less desired product compared to ethanol in
electrocatalytic ECR, and the research potential for efficient methanol production is huge.
By immobilizing CoPc onto carbon nanotubes, 44% selectivity for methanol in six-electron
ECR was obtained with a partial current density of 10.6 mA cm~2 at —0.94 V vs. RHE [70].
The pathway of methanol production on CoPc is thought to be a domino process in
which CO; first undergoes a two-electron reduction to CO, which is then reduced to
MeOH through a four-electron—four-proton process. The superior catalytic activity of
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the catalyst is attributed to the individual dispersion state of CoPc molecules on highly
conductive CNTs, helping in efficient electron transfer to the active site for multielectron
reduction of CO,. Using monodispersed cobalt phthalocyanine (CoPc) on single-walled
CNTs (CoPc/SWCNTs) for electrochemical CO conversion, a >60% methanol FE was
achieved recently (Figure 5a,b) [71]. When CoPc is anchored on thin carbon nanotubes,
the strong molecule-support interaction can induce a change in the local geometry and
electronic structures of the catalyst. Raman spectroscopy showed the Co-N out-of-plane
deformation and ring boating peak at 250-290 cm ™!, while XPS showed the higher binding
energies of Co 2p in CoPc/SWCNTs. The XANES results of Co presented the lower peak
intensity of 1;—4P,, suggesting decreased symmetry of the CoPc molecule on SWCNTs.
Further calculations suggested that the curved CoPc can bind more strongly with *CO,
making the deeper reduction to methanol of the latter easier compared to that of *CO
on CoPc with low deformation. In situ ATR-SEIRAS found a C-H stretching mode at
~3010 cm~! for CoPc/SWCNTs, which may be from *OCH, or *HOCHS,. In comparison, no
obvious signal was detected between 2600 and 3200 cm ! for CoPc on 50 nm CNTs, which
may be attributed to the poor *CO absorption hampering further reduction beyond *CO.
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Figure 5. (a) [llustration of the structural distortion of CoPc on different-diameter CNTs, assuming
that CoPc is fully elastic. (b) FEpeon and jpeon of CoPc/SWCNTs, CoPc/15, and CoPc/50 in

a flow cell under CO atmosphere. Reproduced with permission from Ref. [71], Copyright (2023)
Springer Nature.

Ag, S dual-doped CuyO/Cu was fabricated and presented 67.4% methanol production
with a current density as high as 122.7 mA cm 2 in an H cell [97]. S was thought to
adjust the electronic structure and morphology of the catalyst to improve the methanol
pathway, while Ag suppressed the HER. Their synergistic interaction was confirmed by
comparing experiments and calculations, but direct characterization evidence is lacking. In
another work, a CupyNCN crystal with single-atom Cu sites and enhanced delocalization
around Cu was successfully designed [98]. By applying the catalyst in ECR, 70% CO,-to-
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CH30H selectivity and a current density of —92.3 mA ¢cm~2 were gained in an MEA-based
electrolyzer. When applying the potential from —1.0 to —1.5 V vs. RHE, two Raman
bands at 1080 and 1120 cm ™! were observed, respectively corresponding to *CHO and
*OCH3s, two key intermediates in the CH3OH pathway, suggesting that a CO,-to-CH3OH
reaction occurred. Calculations showed that the softer Cu sites in Cu,INCN led to a weaker
Cu-*OCHj3 interaction than the O-CHj interaction, leading to accelerated breaking of the
Cu-O bond and enhanced selectivity for CH3;OH.

4.2. Ethanol

Due to its high industrial value, ethanol has been receiving increasing attention in elec-
trocatalytic ECR. The production of ethylene and ethanol often appears to be competitive,
so it is important to effectively distinguish the reaction pathway to optimize their genera-
tion. Recently, CuO clusters supported on nitrogen-doped carbon nanosheets (Cu/Ny 14C)
were synthesized for ECR [99]. Under the potential of —1.1 V vs. RHE in 0.1 M KHCO3,
a Cy, FE of 73% was achieved, including 51% ethanol production with a current density
of —14.4 mA cm 2. It was revealed by means of operando XAS that CuO can transform
to a Cun-CuN3 moiety under catalytic ethanol production potential. Further operando
FTIR showed a vibration at 1450 cm~! when the potential was lower than —0.7 V vs. RHE,
attributed to the antisymmetric methyl group vibration of CHs*, a critical intermediate for
C; formation. When the applied potential was below —1.1 V vs. RHE, surface-bound C=0
species at ~1780 cm ! and electrogenerated CO bound to the copper surface at 1920 cm~?
were found, suggesting that the adsorption of CO, was the rate-determining step after CH3*
formation. Combined calculation showed that the charge-asymmetric Cu,-CuNj sites were
intensified by CH3* adsorption, which strengthened the asymmetry of ethanol production.

The coexistence of different *CO adsorption configurations has been shown to be
important for ethanol production, while doping strategies often make sense for regulating
specific intermediates’ adsorption. For example, a K-doped Cu;Se nanosheet array on
Cu foam was fabricated for ECR, achieving ethanol selectivity of over 70% at —0.8 V vs.
RHE with 130 h stability [100]. In situ DRIFTS spectra were employed to explore the
catalytic mechanism. Compared to pure Cu,Se, 11.2% K-doped Cu,Se exhibited different
behavior. Specifically, the peak for the *COy intermediate gradually moved from 2084 cm ™!
at 8 min to 2110 cm~! at 14 min and then remained mostly stable. On the other hand, the
peak for *COp shifted from 1698 cm~! at 2 min to a higher wavenumber of 1708 cm ™!
at 4 min, after which it remained constant. Contrarily, a redshift of *OH from 2 min to
6 min was also found. These results suggested the strengthened adsorption of *COy, and
*COpg and the attenuated adsorption of *OH on the catalyst surface, which can promote
ECR and suppress HER, respectively. After 2 h of electrolysis, only two intermediates of
*COr, and *OH were detected on Cu,Se, while all the intermediates were maintained on
K11.2%-Cu;Se, elucidating the important role of K doping in keeping the carbonaceous
intermediates on the catalyst surface, contributing to C-C coupling for ethanol production.
The coexistence of *CO adsorption in atop and bridge configurations was also found via
in situ ATR-IRAS in a silver-modified copper oxide system (dCuy,O/Ag2.3%) to trigger
asymmetric C-C coupling, achieving 40.8% selectivity for EtOH production. The Ag was
thought to adjust the coordination number and oxidation state of surface Cu sites, steering
the critical configuration of *CO adsorption [101] (Figure 6).

Besides doping, an optimized *CO adsorption strength and configuration can also be
realized by means of surface modification to achieve selective Cy, production. Recently,
Cu dendrites with a stable Cu®* state and hydrophobicity were synthesized via the surface
coordination of carboxylate. The catalyst exhibited a C, FE of 90.6% at a partial current
density of 453.3 mA cm 2 in a flow cell and continuous production of C;HsOH solution
with 90% relative purity at 600 mA over 50 h in a solid-electrolyte reactor. In situ Raman
showed the bounded signal of *CO in both the atop and bridge sites on the catalyst,
compared to the only CO,top signal on Cu. The mixed CO adsorption configurations made
the *CO dimerization process easier, promoting the conversion of CO, to C; products [102].
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Figure 6. In situ ATR-IRAS obtained during chronopotentiometry in a potential window of 0.2 to
—1.2 Vvs. RHE for dCu,O (left) and dCu,O/Agy 39, (right) under ECR. Reproduced with permission
from Ref. [101], Copyright (2022) Springer Nature.

4.3. Propanol

Compared to that of ethanol and methanol, the efficient production of propanol via
ECR seems to be more challenging due to the difficulty of the stabilization of C; and
C, intermediates and C;-C, coupling. But efforts have been made to explore effective
strategies and gain a deeper understanding of the process of ECR to propanol.

A lithium electrochemical tuning approach was carried out to form high-density
double sulfur vacancies in hexagonal CuS(100) planes, which was thought to enable the
stabilization of CO* and OCCO* dimer and further coupling of CO-OCCO to form the key
*C3 intermediate of n-propanol [103]. The FE of n-propanol production reached 15.4% in
an H-cell. Recently, under supersaturated conditions in highly carbonated electrolytes,
a CuAg alloy catalyst was proved to possess a high selectivity of 56.7% for 2-propanol
production via ECR, with a specific current density of 59.3 mA cm~2 [61]. In situ Raman
was carried out to explore the *CO adsorption configuration under catalytic potential,
with the finding that the ratio of *COpyiqge t0 *COatop linearly increased with [CO;] as the
electrolyte enterd the supersaturated regime. A possible optimization of the proportion of
*COpridge t0 *COatop to activate C-C coupling at a high *CO density on the catalyst surface
was suggested by a volcano-shaped relationship centered around the optimal potential
of —0.73V vs. RHE between the *CObridge-to-*COatop ratio, the FE of 2-propanol, and the
applied potential. Moreover, the critical role of *OCH,;CHj was confirmed by isotopic
labelling experiments. By adding hexadeuteroethanol (ethanol-d6) to the electrolyte, the
2-propanol-d8 formation rate was remarkably increased after electrocatalysis detected
by NMR, suggesting *OCH,CHj as the critical intermediate for C1-C, coupling. Further,
operando FTIR was performed and showed that as the potential decreased from —0.2 to
—0.73 V vs. RHE, both the *CO and *OCH,;CHj3 bands were progressively intensified,
suggesting higher formation rates of the intermediates. This was combined with a decrease
in FEco and FEethano and an increase in FEp ;ropanol- These results confirmed that under
CO,-supersaturation conditions, the formation of 2-propanol instead of CO or ethanol
was triggered by the high densities of *CO and *OCH,CHj intermediates. Calculations
suggested that the surface binding of intermediates in the middle position of the alkyl chain



Materials 2024, 17, 600

13 of 19

and the C-O bonds were weakened and strengthened, respectively, due to the dispersed
Ag atoms in Cu, favoring the formation of 2-propanol over 1-propanol.

5. Summary and Perspectives

In conclusion, this review focused on the conversion of CO, to alcohols using Cu-
based catalysts, and several strategies have been proposed to achieve efficient production of
alcohols. The highest selectivity values obtained for catalysts for ECR to alcohols in recent
years are summarized in Table 2. We provided a systematic discussion of the mechanisms
involved in CO,-to-alcohol conversion and highlighted the in situ/operando advanced
spectroelectrochemical analysis techniques for alcohol selectivity. We delved into the
structural features of Cu-based catalysts, ranging from the surface to the interface, to gain
a deeper understanding of the factors influencing alcohol formation. By examining and
analyzing these factors, we aimed to uncover valuable insights that can contribute to the
development of more efficient Cu-based catalysts for selective alcohol production from
CO;. This knowledge will play a crucial role in advancing the field of CO; reduction and
promoting sustainable and carbon-neutral fuel production. However, there are several
areas that require further attention and development to enable the practical application of
these catalysts for efficient ECR:

1. Itis important to conduct more research on constructing model systems to study the
structure-activity relationship of catalysts in ECR alcohol production more rigorously
and clearly. Additionally, the development of more advanced in situ/operando tech-
niques with higher spatiotemporal resolution is necessary to obtain more localized
information about the catalytic system (e.g., AFM-IR and tip-enhanced Raman spec-
troscopy [104-107]). Traditional spectroelectrochemical techniques often lack spatial
resolution, which limits our detailed understanding of different catalyst components.

2. Itis crucial to pay more attention to propanol and alcohols with longer carbon chains
due to their high value and relatively limited understanding. The stability of the
catalysts should also be taken into consideration for their practical application, in
addition to their catalytic activity.

3.  Efforts should be made to design reactors with higher efficiency for ECR. For example,
incorporating membrane electrode assembly (MEA) can enhance the performance of
catalysts and improve overall efficiency [108,109].

4.  The integration of artificial intelligence (AI) and density functional theory (DFT) simu-
lations can be utilized to predict and identify the best catalysts for alcohol production
through CO, reduction [110,111]. This approach will aid in the development of more
efficient electrocatalytic ECR processes.

5. The literature has primarily focused on electrocatalyst design, but it has become
evident that the same electrocatalysts can yield different products and selectivity
depending on whether they are in contact with the bulk electrolyte. For example,
“gas-phase” operations (also known as electrolyte-less conditions or zero gap) favor
the formation of ethanol compared to “liquid-phase” operations with copper-based
(CuyO) gas diffusion electrodes [112-114]. The exact reason for this difference in
terms of the working state during electrocatalytic operations is still unclear. In future
research, mechanistic studies on Cy, formation, especially alcohols, should account
for the effects of the electrolyte, CO, diffusion to the electrocatalyst, the concentration
of adspecies on the electrode surface, and how these aspects are influenced by the
application of an electrical potential.

By addressing these aspects, the field of electrocatalytic CO, reduction can be ad-

vanced and pave the way for practical applications in sustainable alcohol production and
carbon neutralization.



Materials 2024, 17, 600 14 of 19
Table 2. Summary of the Cu-based catalysts for ECR to alcohols.
Product Catalysts Electrolyte Cell Active Sites Performance Ref.
1-butyl-3- Dual-doped —1.18 V vs. RHE,
Ag,5-Cu0/Cu  methylimidazolium  H cell Czao /‘élff porous FE 67.4%, [97]
tetrafluoroborate/H,O 2 —122.7 mA cm—2
Pd/Cu grain boundaries _ N
Methanol PdeCa 25 mol% [BmimBFy + 1 with high Pd° FEZ;O\; vs- Ag/Ag", [60]
8317 75 mol% water /Pd! and Cu! + Cu° & Y
0o 31.8 mA cm
/Cu" ratios
Cu single atoms
CuSAs/TCNFs 0.1 MKHCO; H cell with high binding energy 0 ¥ v>- RHEFE 1)
. 4 44%, —92 mA cm
for *CO intermediate
TWN-Cuy-600- . . —1.1 Vvs. RHE, FE
SACs 0.5 M CsHCO3 H cell Adjacent Cu—Nj sites 81.9%, 35.6 mA cm-2 [80]
Alkanethiol- Cu with tailored
modified 1M KOH Flow cell interfacial —12Vvs. RHE, FE [84]
1 53.7%
sputtered copper wettability
. In situ formed —0.7 V vs. RHE, )
Ethanol Cu-Li 0.1 M KHCO3 RDE cell Cu, clusters FE 91% [74]
Charge-asymmetry —1.1 Vvs. RHE, FE
Cu/NoasC 0.1 M KHCO; H cell Cuy-CuNj3 clusters 51%, —14.4 mA cm—2 [%9]
Kedoned ~0.8 V vs. RHE,
p 0.1 M KHCO3 H cell Stabilized Cu! species FE 70.3%, [100]
CuySe -2
—35.8 mA cm
High-pressure Cu with dispersed —0.7 Vvs. RHE, FE
CuAg alloy 1M CsHCO; reactor Ag atoms 59.3%, 56.7 mA cm 2 [61]
Propanl CuS. h doubl 1.05V RHE, FE
uSy with double —1. Vs. ,
CuSx 0.1 M KHCO, H cell sulfur vacancies 15.4%, 3.1 mA cm 2 [103]
Funding: This research was funded by the “Pioneer” and “Leading Goose” R&D Program of Zhejiang,
grant number 2023C03017, the Natural Science Foundation of China, grant number 22072030 and
22272029, and the Science and Technology Commission of Shanghai Municipality, grant number
22520711100 and 23ZR1406900.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflicts of interest.
References
1. Ross, M.B.; De Luna, P; Li, Y;; Dinh, C.-T.; Kim, D.; Yang, ; Sargent, E.H. Designing materials for electrochemical carbon dioxide

recycling. Nat. Catal. 2019, 2, 648-658. [CrossRef]

2. Appel, A.M.; Bercaw, J.E.; Bocarsly, A.B.; Dobbek, H.; DuBois, D.L.; Dupuis, M.; Ferry, ].G.; Fujita, E.; Hille, R.; Kenis, PJ.A ; et al.
Frontiers, Opportunities, and Challenges in Biochemical and Chemical Catalysis of CO, Fixation. Chem. Rev. 2013, 113, 6621-6658.
[CrossRef] [PubMed]

3. Komarala, E.P,; Alkhoori, A.A.; Zhang, X.L.; Cheng, H.M.; Polychronopoulou, K. Design and synthesis of thermally stable single
atom catalysts for thermochemical CO, reduction. J. Energy Chem. 2023, 86, 246-262. [CrossRef]

4. Rawat, K.S,; Mahata, A.; Pathak, B. Thermochemical and electrochemical CO, reduction on octahedral Cu nanocluster: Role of
solvent towards product selectivity. |. Catal. 2017, 349, 118-127. [CrossRef]

5. Kovati¢, Z.; Likozar, B.; Hus, M. Photocatalytic CO, Reduction: A Review of Ab Initio Mechanism, Kinetics, and Multiscale
Modeling Simulations. ACS Catal. 2020, 10, 14984-15007. [CrossRef]

6.  Scholten, F.; Nguyen, K.C.; Bruce, ].P; Heyde, M.; Roldan Cuenya, B. Identifying Structure-Selectivity Correlations in the
Electrochemical Reduction of CO;: A Comparison of Well-Ordered Atomically Clean and Chemically Etched Copper Single-
Crystal Surfaces. Angew. Chem. Int. Ed. 2021, 60, 19169-19175. [CrossRef]

7. Nitopi, S.; Bertheussen, E.; Scott, S.B.; Liu, X.; Engstfeld, A.K.; Horch, S.; Seger, B.; Stephens, L.LE.L.; Chan, K.; Hahn, C.; et al.

Progress and Perspectives of Electrochemical CO, Reduction on Copper in Aqueous Electrolyte. Chem. Rev. 2019, 119, 7610-7672.
[CrossRef]


https://doi.org/10.1038/s41929-019-0306-7
https://doi.org/10.1021/cr300463y
https://www.ncbi.nlm.nih.gov/pubmed/23767781
https://doi.org/10.1016/j.jechem.2023.07.032
https://doi.org/10.1016/j.jcat.2017.03.011
https://doi.org/10.1021/acscatal.0c02557
https://doi.org/10.1002/anie.202103102
https://doi.org/10.1021/acs.chemrev.8b00705

Materials 2024, 17, 600 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tabassum, H.; Yang, X.; Zou, R.; Wu, G. Surface engineering of Cu catalysts for electrochemical reduction of CO, to value-added
multi-carbon products. Chem Catal. 2022, 2, 1561-1593. [CrossRef]

Bui, J.C,; Kim, C.; King, A.J.; Romiluyi, O.; Kusoglu, A.; Weber, A.Z.; Bell, A.T. Engineering Catalyst-Electrolyte Microenviron-
ments to Optimize the Activity and Selectivity for the Electrochemical Reduction of CO, on Cu and Ag. Acc. Chem. Res. 2022,
55, 484-494. [CrossRef]

Kim, C.; Bui, J.C.; Luo, X.; Cooper, J.K.; Kusoglu, A.; Weber, A.Z.; Bell, A.T. Tailored catalyst microenvironments for CO,
electroreduction to multicarbon products on copper using bilayer ionomer coatings. Nat. Energy 2021, 6, 1026-1034. [CrossRef]
Handoko, A.D.; Wei, F,; Jenndy; Yeo, B.S.; Seh, Z.W. Understanding heterogeneous electrocatalytic carbon dioxide reduction
through operando techniques. Nat. Catal. 2018, 1, 922-934. [CrossRef]

Wang, J.; Tan, H.Y.; Qi, M.Y,; Li, ].Y; Tang, Z.R.; Suen, N.T.; Xu, Y.J.; Chen, H.M. Spatially and temporally understanding dynamic
solid-electrolyte interfaces in carbon dioxide electroreduction. Chem. Soc. Rev. 2023, 52, 5013-5050. [CrossRef]

Fan, L.; Xia, C; Yang, F; Wang, J.; Wang, H.; Lu, Y. Strategies in catalysts and electrolyzer design for electrochemical CO,
reduction toward Cy, products. Sci. Adv. 2020, 6, eaay3111. [CrossRef]

Zhu, W.; Michalsky, R.; Metin, O.; Lv, H.; Guo, S.; Wright, C.J.; Sun, X.; Peterson, A.A.; Sun, S. Monodisperse Au nanoparticles for
selective electrocatalytic reduction of CO, to CO. J. Am. Chem. Soc. 2013, 135, 16833-16836. [CrossRef]

Zheng, Y.; Vasileff, A.; Zhou, X,; Jiao, Y.; Jaroniec, M.; Qiao, S.Z. Understanding the Roadmap for Electrochemical Reduction
of CO, to Multi-Carbon Oxygenates and Hydrocarbons on Copper-Based Catalysts. J. Am. Chem. Soc. 2019, 141, 7646-7659.
[CrossRef]

Spurgeon, ].M.; Kumar, B. A comparative technoeconomic analysis of pathways for commercial electrochemical CO, reduction to
liquid products. Energy Environ. Sci. 2018, 11, 1536-1551. [CrossRef]

Kim, Y.; Park, S.; Shin, S.-J.; Choi, W.; Min, B.K.; Kim, H.; Kim, W.; Hwang, Y.J. Time-resolved observation of C-C coupling
intermediates on Cu electrodes for selective electrochemical CO, reduction. Energy Environ. Sci. 2020, 13, 4301-4311. [CrossRef]
Saha, P.; Amanullah, S.; Dey, A. Selectivity in Electrochemical CO, Reduction. Acc. Chem. Res. 2022, 55, 134-144. [CrossRef]
Peng, H.]J.; Tang, M.T.; Halldin Stenlid, J.; Liu, X.; Abild-Pedersen, F. Trends in oxygenate/hydrocarbon selectivity for electro-
chemical CO, reduction to Cp products. Nat. Commun. 2022, 13, 1399. [CrossRef]

Herzog, A.; Bergmann, A.; Jeon, H.S.; Timoshenko, ].; Kuehl, S.; Rettenmaier, C.; Lopez Luna, M.; Haase, ET.; Roldan Cuenya,
B. Operando Investigation of Ag-Decorated Cu,O Nanocube Catalysts with Enhanced CO, Electroreduction toward Liquid
Products. Angew. Chem. Int. Ed. 2021, 60, 7426-7435. [CrossRef]

Chou, T.C.; Chang, C.C; Yu, H.L,; Yu, W.Y;; Dong, C.L.; Velasco-Velez, ].].; Chuang, C.H.; Chen, L.C.; Lee, ].F,; Chen, ] M.; et al.
Controlling the Oxidation State of the Cu Electrode and Reaction Intermediates for Electrochemical CO, Reduction to Ethylene.
J. Am. Chem. Soc. 2020, 142, 2857-2867. [CrossRef]

Wang, X.; Ou, P; Ozden, A.; Hung, S.-E; Tam, J.; Gabardo, C.M.; Howe, ].Y; Sisler, J.; Bertens, K.; de Arquer, EP.G.; et al. Efficient
electrosynthesis of n-propanol from carbon monoxide using a Ag-Ru-Cu catalyst. Nat. Energy 2022, 7, 170-176. [CrossRef]
Rahaman, M.; Kiran, K.; Montiel, I.Z.; Grozovski, V.; Dutta, A.; Broekmann, P. Selective n-propanol formation from CO; over
degradation-resistant activated PdCu alloy foam electrocatalysts. Green Chem. 2020, 22, 6497-6509. [CrossRef]

Xiao, H.; Cheng, T.; Goddard, W.A., III. Atomistic Mechanisms Underlying Selectivities in C; and C, Products from Electrochemi-
cal Reduction of CO on Cu(111). J. Am. Chem. Soc. 2017, 139, 130-136. [CrossRef]

Varandili, S.B.; Stoian, D.; Vavra, J.; Rossi, K.; Pankhurst, ].R.; Guntern, Y.T.; Lépez, N.; Buonsanti, R. Elucidating the structure-
dependent selectivity of CuZn towards methane and ethanol in CO; electroreduction using tailored Cu/ZnO precatalysts. Chem.
Sci. 2021, 12, 14484-14493. [CrossRef]

Iyengar, P.; Kolb, M.]J.; Pankhurst, J.R.; Calle-Vallejo, F.; Buonsanti, R. Elucidating the Facet-Dependent Selectivity for CO,
Electroreduction to Ethanol of Cu—Ag Tandem Catalysts. ACS Catal. 2021, 11, 4456-4463. [CrossRef]

Strasser, P.; Gliech, M.; Kuehl, S.; Moeller, T. Electrochemical processes on solid shaped nanoparticles with defined facets. Chem.
Soc. Rev. 2018, 47, 715-735. [CrossRef]

Woldu, A.R. From low to high-index facets of noble metal nanocrystals: A way forward to enhance the performance of
electrochemical CO, reduction. Nanoscale 2020, 12, 8626—-8635. [CrossRef]

Frese, K.W. Chapter 6—Electrochemical Reduction of CO; at Solid Electrodes. In Electrochemical and Electrocatalytic Reactions of
Carbon Dioxide; Sullivan, B.P,, Ed.; Elsevier: Amsterdam, the Netherlands, 1993; pp. 145-216.

Hori, Y.; Takahashi, I.; Koga, O.; Hoshi, N. Selective Formation of C; Compounds from Electrochemical Reduction of CO, at a
Series of Copper Single Crystal Electrodes. J. Phys. Chem. B 2002, 106, 15-17. [CrossRef]

Huang, Y.; Handoko, A.D.; Hirunsit, P.; Yeo, B.S. Electrochemical Reduction of CO, Using Copper Single-Crystal Surfaces: Effects
of CO* Coverage on the Selective Formation of Ethylene. ACS Catal. 2017, 7, 1749-1756. [CrossRef]

Zhao, Y.; Zhang, X.-G.; Bodappa, N.; Yang, W.-M.; Liang, Q.; Radjenovica, PM.; Wang, Y.-H.; Zhang, Y.-J.; Dong, ].-C.; Tian,
Z.-Q.; et al. Elucidating electrochemical CO, reduction reaction processes on Cu(hkl) single-crystal surfaces by in situ Raman
spectroscopy. Energy Environ. Sci. 2022, 15, 3968-3977. [CrossRef]

Zhu, C.Y.; Zhang, Z.B.; Zhong, L.X.; Hsu, C.S.; Xu, X.Z,; Li, Y.Z.; Zhao, SW.; Chen, S.H.; Yu, J.Y.; Chen, S.L.; et al. Product-Specific
Active Site Motifs of Cu for Electrochemical CO, Reduction. Chem 2021, 7, 406-420. [CrossRef]

Kim, J.Y,; Kim, G.; Won, H.; Gereige, I.; Jung, W.B.; Jung, H.T. Synergistic Effect of Cuy O Mesh Pattern on High-Facet Cu Surface
for Selective CO, Electroreduction to Ethanol. Adv. Mater. 2022, 34, €2106028. [CrossRef] [PubMed]


https://doi.org/10.1016/j.checat.2022.04.012
https://doi.org/10.1021/acs.accounts.1c00650
https://doi.org/10.1038/s41560-021-00920-8
https://doi.org/10.1038/s41929-018-0182-6
https://doi.org/10.1039/D2CS00441K
https://doi.org/10.1126/sciadv.aay3111
https://doi.org/10.1021/ja409445p
https://doi.org/10.1021/jacs.9b02124
https://doi.org/10.1039/C8EE00097B
https://doi.org/10.1039/D0EE01690J
https://doi.org/10.1021/acs.accounts.1c00678
https://doi.org/10.1038/s41467-022-29140-8
https://doi.org/10.1002/anie.202017070
https://doi.org/10.1021/jacs.9b11126
https://doi.org/10.1038/s41560-021-00967-7
https://doi.org/10.1039/D0GC01636E
https://doi.org/10.1021/jacs.6b06846
https://doi.org/10.1039/D1SC04271H
https://doi.org/10.1021/acscatal.1c00420
https://doi.org/10.1039/C7CS00759K
https://doi.org/10.1039/D0NR01412E
https://doi.org/10.1021/jp013478d
https://doi.org/10.1021/acscatal.6b03147
https://doi.org/10.1039/D2EE01334G
https://doi.org/10.1016/j.chempr.2020.10.018
https://doi.org/10.1002/adma.202106028
https://www.ncbi.nlm.nih.gov/pubmed/34658080

Materials 2024, 17, 600 16 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Fu, W,; Liu, Z.; Wang, T,; Liang, J.; Duan, S.; Xie, L.; Han, J.; Li, Q. Promoting C,, Production from Electrochemical CO, Reduction
on Shape-Controlled Cuprous Oxide Nanocrystals with High-Index Facets. ACS Sustain. Chem. Eng. 2020, 8, 15223-15229.
[CrossRef]

Kim, J.Y,; Park, W.; Choi, C.; Kim, G.; Cho, KM.; Lim, J.; Kim, S.J.; Al-Saggaf, A.; Gereige, I.; Lee, H.; et al. High Facets on
Nanowrinkled Cu via Chemical Vapor Deposition Graphene Growth for Efficient CO, Reduction into Ethanol. ACS Catal. 2021,
11, 5658-5665. [CrossRef]

Zhang, EY.; Sheng, T; Tian, N.; Liu, L.; Xiao, C.; Lu, B.A.; Xu, B.B.; Zhou, Z.Y.; Sun, S.G. Cu overlayers on tetrahexahedral Pd
nanocrystals with high-index facets for CO, electroreduction to alcohols. Chem Commun 2017, 53, 8085-8088. [CrossRef]

Peng, J.; Chen, B.; Wang, Z.; Guo, J.; Wu, B.; Hao, S.; Zhang, Q.; Gu, L.; Zhou, Q.; Liu, Z.; et al. Surface coordination layer
passivates oxidation of copper. Nature 2020, 586, 390-394. [CrossRef]

Frese, K.W. Electrochemical Reduction of CO, at Intentionally Oxidized Copper Electrodes. J. Electrochem. Soc. 1991, 138, 3338.
[CrossRef]

Li, C.W,; Kanan, M.W. CO, Reduction at Low Overpotential on Cu Electrodes Resulting from the Reduction of Thick Cu,O Films.
J. Am. Chem. Soc. 2012, 134, 7231-7234. [CrossRef]

Li, C.W,; Ciston, ]J.; Kanan, M.W. Electroreduction of carbon monoxide to liquid fuel on oxide-derived nanocrystalline copper.
Nature 2014, 508, 504-507. [CrossRef]

Lee, S.Y.; Jung, H.; Kim, N.K.; Oh, H.S.; Min, B.K,; Hwang, Y.J. Mixed Copper States in Anodized Cu Electrocatalyst for Stable
and Selective Ethylene Production from CO, Reduction. J. Am. Chem. Soc. 2018, 140, 8681-8689. [CrossRef]

Moller, T; Scholten, E; Thanh, T.N.; Sinev, I.; Timoshenko, J.; Wang, X.; Jovanov, Z.; Gliech, M.; Roldan Cuenya, B.; Varela, A.S,;
et al. Electrocatalytic CO, Reduction on CuOx Nanocubes: Tracking the Evolution of Chemical State, Geometric Structure, and
Catalytic Selectivity using Operando Spectroscopy. Angew. Chem. Int. Ed. 2020, 59, 17974-17983. [CrossRef]

Mistry, H.; Varela, A.S.; Bonifacio, C.S.; Zegkinoglou, I; Sinev, I.; Choi, Y.W.; Kisslinger, K.; Stach, E.A.; Yang, ].C.; Strasser, P;
et al. Highly selective plasma-activated copper catalysts for carbon dioxide reduction to ethylene. Nat. Commun. 2016, 7, 12123.
[CrossRef]

Wu, Q.; Du, R.; Wang, P.; Waterhouse, G.IN.; Li, J.; Qiu, Y; Yan, K.; Zhao, Y.; Zhao, W.-W.; Tsai, H.-J.; et al. Nanograin-Boundary-
Abundant CuyO-Cu Nanocubes with High C;, Selectivity and Good Stability during Electrochemical CO, Reduction at a Current
Density of 500 mA/cm?. ACS Nano 2023, 17, 12884-12894. [CrossRef]

Zhou, X,; Shan, J.; Chen, L.; Xia, B.Y.; Ling, T.; Duan, J.; Jiao, Y.; Zheng, Y.; Qiao, S.Z. Stabilizing Cu?* Ions by Solid Solutions to
Promote CO, Electroreduction to Methane. J. Am. Chem. Soc. 2022, 144, 2079-2084. [CrossRef]

Zhou, Y,; Yao, Y.; Zhao, R.; Wang, X.; Fu, Z.; Wang, D.; Wang, H.; Zhao, L.; Ni, W.; Yang, Z.; et al. Stabilization of Cu" via Strong
Electronic Interaction for Selective and Stable CO, Electroreduction. Angew. Chem. Int. Ed. 2022, 134, €202205832. [CrossRef]
Patra, KK; Park, S.; Song, H.; Kim, B.; Kim, W.; Oh, J. Operando Spectroscopic Investigation of a Boron-Doped CuO Catalyst and
Its Role in Selective Electrochemical C—C Coupling. ACS Appl. Energy Mater. 2020, 3, 11343-11349. [CrossRef]

Ai, P; Tan, M.-H.; Yamane, N.; Liu, G.; Fan, R;; Yang, G.; Yoneyama, Y.; Yang, R.; Tsubaki, N. Synergistic Effect of a Boron-Doped
Carbon-Nanotube-Supported Cu Catalyst for Selective Hydrogenation of Dimethyl Oxalate to Ethanol. Chem. Eur. ]. 2017,
23, 8252-8261. [CrossRef]

Zhou, Y,; Che, E; Liu, M,; Zou, C,; Liang, Z.; De Luna, P; Yuan, H.; Li, J.; Wang, Z.; Xie, H.; et al. Dopant-induced electron
localization drives CO, reduction to C, hydrocarbons. Nat. Chem. 2018, 10, 974-980. [CrossRef]

Aran-Ais, R M.; Scholten, F.; Kunze, S.; Rizo, R.; Roldan Cuenya, B. The role of in situ generated morphological motifs and Cu(i)
species in Cp, product selectivity during CO, pulsed electroreduction. Nat. Energy 2020, 5, 317-325. [CrossRef]

Lin, S.C.; Chang, C.C.; Chiu, S.Y,; Pai, H.T,; Liao, T.Y.; Hsu, C.S.; Chiang, W.H.; Tsai, M.K.; Chen, H.M. Operando time-resolved
X-ray absorption spectroscopy reveals the chemical nature enabling highly selective CO, reduction. Nat. Commun. 2020, 11, 3525.
[CrossRef]

Xiao, H.; Goddard, W.A., III; Cheng, T.; Liu, Y. Cu metal embedded in oxidized matrix catalyst to promote CO, activation and CO
dimerization for electrochemical reduction of CO,. Proc. Natl. Acad. Sci. USA 2017, 114, 6685-6688. [CrossRef]

Garza, A],; Bell, A.T.; Head-Gordon, M. Is Subsurface Oxygen Necessary for the Electrochemical Reduction of CO, on Copper?
J. Phys. Chem. Lett. 2018, 9, 601-606. [CrossRef]

Lei, Q.; Zhu, H.; Song, K.; Wei, N.; Liu, L.; Zhang, D.; Yin, J.; Dong, X.; Yao, K.; Wang, N.; et al. Investigating the Origin of
Enhanced Cy, Selectivity in Oxide-/Hydroxide-Derived Copper Electrodes during CO, Electroreduction. J. Am. Chem. Soc. 2020,
142, 4213-4222. [CrossRef]

Lee, S.H.; Lin, ].C.; Farmand, M.; Landers, A.T.; Feaster, J.T.; Aviles Acosta, J.E.; Beeman, J.W.; Ye, Y.; Yano, J.; Mehta, A.; et al.
Oxidation State and Surface Reconstruction of Cu under CO, Reduction Conditions from In Situ X-ray Characterization. J. Am.
Chem. Soc. 2021, 143, 588-592. [CrossRef]

Shen, S.; Peng, X.; Song, L.; Qiu, Y.; Li, C.; Zhuo, L.; He, J.; Ren, J.; Liu, X.; Luo, J. AuCu Alloy Nanoparticle Embedded Cu
Submicrocone Arrays for Selective Conversion of CO, to Ethanol. Small 2019, 15, €1902229. [CrossRef]

Li, H; Huang, H.; Chen, Y,; Lai, F; Fu, H.; Zhang, L.; Zhang, N.; Bai, S.; Liu, T. High-Entropy Alloy Aerogels: A New Platform for
Carbon Dioxide Reduction. Adv. Mater. 2022, 35, 2209242. [CrossRef]

Han, N.; Sun, M.; Zhou, Y.; Xu, J.; Cheng, C.; Zhou, R.; Zhang, L.; Luo, J.; Huang, B.; Li, Y. Alloyed Palladium-Silver Nanowires
Enabling Ultrastable Carbon Dioxide Reduction to Formate. Adv. Mater. 2020, 33, 2005821. [CrossRef]


https://doi.org/10.1021/acssuschemeng.0c04873
https://doi.org/10.1021/acscatal.0c05263
https://doi.org/10.1039/C7CC04140C
https://doi.org/10.1038/s41586-020-2783-x
https://doi.org/10.1149/1.2085411
https://doi.org/10.1021/ja3010978
https://doi.org/10.1038/nature13249
https://doi.org/10.1021/jacs.8b02173
https://doi.org/10.1002/anie.202007136
https://doi.org/10.1038/ncomms12123
https://doi.org/10.1021/acsnano.3c04951
https://doi.org/10.1021/jacs.1c12212
https://doi.org/10.1002/ange.202205832
https://doi.org/10.1021/acsaem.0c02284
https://doi.org/10.1002/chem.201700821
https://doi.org/10.1038/s41557-018-0092-x
https://doi.org/10.1038/s41560-020-0594-9
https://doi.org/10.1038/s41467-020-17231-3
https://doi.org/10.1073/pnas.1702405114
https://doi.org/10.1021/acs.jpclett.7b03180
https://doi.org/10.1021/jacs.9b11790
https://doi.org/10.1021/jacs.0c10017
https://doi.org/10.1002/smll.201902229
https://doi.org/10.1002/adma.202209242
https://doi.org/10.1002/adma.202005821

Materials 2024, 17, 600 17 of 19

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Lu, L,; Sun, X;; Ma, J.; Yang, D.; Wu, H.; Zhang, B.; Zhang, J.; Han, B. Highly Efficient Electroreduction of CO, to Methanol on
Palladium-Copper Bimetallic Aerogels. Angew. Chem. Int. Ed. 2018, 57, 14149-14153. [CrossRef]

Qi, K.; Zhang, Y.; Onofrio, N.; Petit, E.; Cui, X.; Ma, J.; Fan, J.; Wu, H.; Wang, W.; Li, ].; et al. Unlocking direct CO, electrolysis to
C3 products via electrolyte supersaturation. Nat. Catal. 2023, 6, 319-331. [CrossRef]

Zhu, Y,; Cui, X,; Liu, H.; Guo, Z; Dang, Y.; Fan, Z.; Zhang, Z.; Hu, W. Tandem catalysis in electrochemical CO, reduction reaction.
Nano Res. 2021, 14, 4471-4486. [CrossRef]

Ren, D.; Ang, B.S.-H.; Yeo, B.S. Tuning the Selectivity of Carbon Dioxide Electroreduction toward Ethanol on Oxide-Derived
CuyZn Catalysts. ACS Catal. 2016, 6, 8239-8247. [CrossRef]

Morales-Guio, C.G.; Cave, E.R; Nitopi, S.A.; Feaster, ].T.; Wang, L.; Kuhl, K.P; Jackson, A.; Johnson, N.C.; Abram, D.N;
Hatsukade, T.; et al. Improved CO; reduction activity towards C,, alcohols on a tandem gold on copper electrocatalyst. Nat.
Catal. 2018, 1, 764-771. [CrossRef]

Zhang, S.; Zhao, S.; Qu, D.; Liu, X.; Wu, Y.; Chen, Y.; Huang, W. Electrochemical Reduction of CO, Toward C, Valuables on
Cu@Ag Core-Shell Tandem Catalyst with Tunable Shell Thickness. Small 2021, 17, 2102293. [CrossRef]

Zhang, T.; Bui, J.C,; Li, Z.; Bell, A.T.; Weber, A.Z.; Wu, J. Highly selective and productive reduction of carbon dioxide to
multicarbon products via in situ CO management using segmented tandem electrodes. Nat. Catal. 2022, 5, 202-211. [CrossRef]
Zhu, C,; Zhou, L.; Zhang, Z.; Yang, C.; Shi, G.; Zhao, S.; Gu, H.; Wu, J.; Gao, X,; Li, Y.; et al. Dynamic restructuring of epitaxial
Au-Cu biphasic interface for tandem CO,-to-Cp,. alcohol conversion. Chem 2022, 8, 3288-3301. [CrossRef]

Kuang, S.; Su, Y,; Li, M,; Liu, H.; Chuai, H.; Chen, X.; Hensen, EJ.M.; Meyer, TJ.; Zhang, S.; Ma, X. Asymmetrical elec-
trohydrogenation of CO, to ethanol with copper-gold heterojunctions. Proc. Natl. Acad. Sci. USA 2023, 120, e2214175120.
[CrossRef]

Wang, Y.; Su, H.;; He, Y,; Li, L.; Zhu, S.; Shen, H.; Xie, P; Fu, X.; Zhou, G.; Feng, C.; et al. Advanced Electrocatalysts with
Single-Metal-Atom Active Sites. Chem. Rev. 2020, 120, 12217-12314. [CrossRef] [PubMed]

Wu, Y,; Jiang, Z.; Lu, X,; Liang, Y.; Wang, H. Domino electroreduction of CO, to methanol on a molecular catalyst. Nature 2019,
575, 639-642. [CrossRef]

Su, J.; Musgrave, C.B.; Song, Y.; Huang, L.; Liu, Y.; Li, G.; Xin, Y.; Xiong, P.; Li, M.M.-].; Wu, H.; et al. Strain enhances the activity
of molecular electrocatalysts via carbon nanotube supports. Nat. Catal. 2023, 6, 818-828. [CrossRef]

Yang, H.; Wu, Y,; Li, G.; Lin, Q.; Hu, Q.; Zhang, Q.; Liu, ].; He, C. Scalable Production of Efficient Single-Atom Copper Decorated
Carbon Membranes for CO, Electroreduction to Methanol. . Am. Chem. Soc. 2019, 141, 12717-12723. [CrossRef]

Karapinar, D.; Huan, N.T.; Ranjbar Sahraie, N.; Li, ].; Wakerley, D.; Touati, N.; Zanna, S.; Taverna, D.; Galvao Tizei, L.H.; Zitolo,
A.; et al. Electroreduction of CO, on Single-Site Copper-Nitrogen-Doped Carbon Material: Selective Formation of Ethanol and
Reversible Restructuration of the Metal Sites. Angew. Chem. Int. Ed. 2019, 58, 15098-15103. [CrossRef]

Xu, H,; Rebollar, D.; He, H.; Chong, L.; Liu, Y,; Liu, C.; Sun, C.-J.; Li, T.; Muntean, J.V.; Winans, R.E.; et al. Highly selective
electrocatalytic CO, reduction to ethanol by metallic clusters dynamically formed from atomically dispersed copper. Nat. Energy
2020, 5, 623-632. [CrossRef]

Weng, Z.; Wu, Y.; Wang, M; Jiang, J.; Yang, K.; Huo, S.; Wang, X.F.; Ma, Q.; Brudvig, G.W,; Batista, V.S.; et al. Active sites of
copper-complex catalytic materials for electrochemical carbon dioxide reduction. Nat. Commun. 2018, 9, 415. [CrossRef]

Sun, H.; Chen, L.; Xiong, L.; Feng, K.; Chen, Y.; Zhang, X.; Yuan, X,; Yang, B.; Deng, Z.; Liu, Y.; et al. Promoting ethylene
production over a wide potential window on Cu crystallites induced and stabilized via current shock and charge delocalization.
Nat. Commun. 2021, 12, 6823. [CrossRef]

Yang, B.; Chen, L.; Xue, S.; Sun, H.; Feng, K.; Chen, Y.; Zhang, X.; Xiao, L.; Qin, Y.; Zhong, J.; et al. Electrocatalytic CO, reduction
to alcohols by modulating the molecular geometry and Cu coordination in bicentric copper complexes. Nat. Commun. 2022,
13, 5122. [CrossRef] [PubMed]

Zhang, J.; My Pham, TH.; Gao, Z.; Li, M.; Ko, Y.; Lombardo, L.; Zhao, W.; Luo, W,; Ziittel, A. Electrochemical CO, Reduction over
Copper Phthalocyanine Derived Catalysts with Enhanced Selectivity for Multicarbon Products. ACS Catal. 2023, 13, 9326-9335.
[CrossRef]

Bai, X.; Zhao, X.; Zhang, Y.; Ling, C.; Zhou, Y.; Wang, ].; Liu, Y. Dynamic Stability of Copper Single-Atom Catalysts under Working
Conditions. J. Am. Chem. Soc. 2022, 144, 17140-17148. [CrossRef] [PubMed]

Xia, W,; Xie, Y,; Jia, S.; Han, S.; Qi, R.; Chen, T; Xing, X.; Yao, T.; Zhou, D.; Dong, X.; et al. Adjacent Copper Single Atoms Promote
C-C Coupling in Electrochemical CO, Reduction for the Efficient Conversion of Ethanol. J. Am. Chem. Soc. 2023, 145, 17253-17264.
[CrossRef] [PubMed]

Zhang, J.; Ding, J.; Liu, Y.; Su, C.; Yang, H.; Huang, Y.; Liu, B. Molecular tuning for electrochemical CO, reduction. Joule 2023,
7,1700-1744. [CrossRef]

Zhu, Q.; Murphy, C.J.; Baker, L.R. Opportunities for Electrocatalytic CO, Reduction Enabled by Surface Ligands. J. Am. Chem.
Soc. 2022, 144, 2829-2840. [CrossRef] [PubMed]

An, P; Wei, L,; Li, H,; Yang, B.; Liu, K; Fu, J.; Li, H.; Liu, H.; Hu, J.; Lu, Y.-R,; et al. Enhancing CO, reduction by suppressing
hydrogen evolution with polytetrafluoroethylene protected copper nanoneedles. J. Mater. Chem. A 2020, 8, 15936-15941.
[CrossRef]


https://doi.org/10.1002/anie.201808964
https://doi.org/10.1038/s41929-023-00938-z
https://doi.org/10.1007/s12274-021-3448-2
https://doi.org/10.1021/acscatal.6b02162
https://doi.org/10.1038/s41929-018-0139-9
https://doi.org/10.1002/smll.202102293
https://doi.org/10.1038/s41929-022-00751-0
https://doi.org/10.1016/j.chempr.2022.08.016
https://doi.org/10.1073/pnas.2214175120
https://doi.org/10.1021/acs.chemrev.0c00594
https://www.ncbi.nlm.nih.gov/pubmed/33136387
https://doi.org/10.1038/s41586-019-1760-8
https://doi.org/10.1038/s41929-023-01005-3
https://doi.org/10.1021/jacs.9b04907
https://doi.org/10.1002/anie.201907994
https://doi.org/10.1038/s41560-020-0666-x
https://doi.org/10.1038/s41467-018-02819-7
https://doi.org/10.1038/s41467-021-27169-9
https://doi.org/10.1038/s41467-022-32740-z
https://www.ncbi.nlm.nih.gov/pubmed/36045126
https://doi.org/10.1021/acscatal.3c01439
https://doi.org/10.1021/jacs.2c07178
https://www.ncbi.nlm.nih.gov/pubmed/36089737
https://doi.org/10.1021/jacs.3c04612
https://www.ncbi.nlm.nih.gov/pubmed/37498730
https://doi.org/10.1016/j.joule.2023.07.010
https://doi.org/10.1021/jacs.1c11500
https://www.ncbi.nlm.nih.gov/pubmed/35137579
https://doi.org/10.1039/D0TA03645E

Materials 2024, 17, 600 18 of 19

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

Lin, Y.; Wang, T.; Zhang, L.; Zhang, G.; Li, L.; Chang, Q.; Pang, Z.; Gao, H.; Huang, K.; Zhang, P.; et al. Tunable CO,
electroreduction to ethanol and ethylene with controllable interfacial wettability. Nat. Commun. 2023, 14, 3575. [CrossRef]
[PubMed]

Chen, S.; Zhu, C.; Gu, H,; Wang, L.; Qj, J.; Zhong, L.; Zhang, Z.; Yang, C.; Shi, G.; Zhao, S.; et al. Enhanced Electrochemical
Methanation of Carbon Dioxide at the Single-Layer Hexagonal Boron Nitride/Cu Interfacial Perimeter. Nano Lett. 2021, 21,
4469-4476. [CrossRef] [PubMed]

Li, Y;; Cui, E; Ross, M.B.; Kim, D.; Sun, Y.; Yang, P. Structure-Sensitive CO, Electroreduction to Hydrocarbons on Ultrathin 5-fold
Twinned Copper Nanowires. Nano Lett. 2017, 17, 1312-1317. [CrossRef] [PubMed]

Zhu, Y,; Yang, X.; Peng, C.; Priest, C.; Mei, Y.; Wu, G. Carbon-Supported Single Metal Site Catalysts for Electrochemical CO,
Reduction to CO and Beyond. Small 2021, 17, 2005148. [CrossRef] [PubMed]

Chen, J.; Wang, T,; Li, Z.; Yang, B.; Zhang, Q.; Lei, L.; Feng, P.; Hou, Y. Recent progress and perspective of electrochemical
CO; reduction towards Cy-Cs products over non-precious metal heterogeneous electrocatalysts. Nano Res. 2021, 14, 3188-3207.
[CrossRef]

Wy, J; Ma, S.; Sun, J.; Gold, ].I; Tiwary, C.; Kim, B.; Zhu, L.; Chopra, N.; Odeh, L.N.; Vajtai, R.; et al. A metal-free electrocatalyst
for carbon dioxide reduction to multi-carbon hydrocarbons and oxygenates. Nat. Commun. 2016, 7, 13869. [CrossRef]

Song, Y.; Chen, W.; Zhao, C.; Li, S.; Wei, W.; Sun, Y. Metal-Free Nitrogen-Doped Mesoporous Carbon for Electroreduction of CO,
to Ethanol. Angew. Chem. Int. Ed. 2017, 56, 10840-10844. [CrossRef]

Chai, G.L.; Guo, Z.X. Highly effective sites and selectivity of nitrogen-doped graphene/CNT catalysts for CO, electrochemical
reduction. Chem. Sci. 2016, 7, 1268-1275. [CrossRef]

Jiwanti, PK.; Natsui, K.; Nakata, K.; Einaga, Y. Selective production of methanol by the electrochemical reduction of CO, on
boron-doped diamond electrodes in aqueous ammonia solution. RSC Adv. 2016, 6, 102214-102217. [CrossRef]

Liu, Y,; Zhang, Y.; Cheng, K; Quan, X,; Fan, X.; Su, Y,; Chen, S.; Zhao, H.; Zhang, Y.; Yu, H.; et al. Selective Electrochemical
Reduction of Carbon Dioxide to Ethanol on a Boron- and Nitrogen-Co-doped Nanodiamond. Angew. Chem. Int. Ed. 2017,
56, 15607-15611. [CrossRef]

Yang, Y.; Xiong, Y.; Zeng, R.; Lu, X,; Krumov, M.; Huang, X.; Xu, W.; Wang, H.; DiSalvo, F].; Brock, ].D.; et al. Operando Methods
in Electrocatalysis. ACS Catal. 2021, 11, 1136-1178. [CrossRef]

Chen, C.; Yu, S;; Yang, Y.; Louisia, S.; Roh, I; Jin, J.; Chen, S.; Chen, P-C.; Shan, Y.; Yang, P. Exploration of the bio-analogous
asymmetric C—C coupling mechanism in tandem CO, electroreduction. Nat. Catal. 2022, 5, 878-887. [CrossRef]

Amirbeigiarab, R.; Tian, J.; Herzog, A.; Qiu, C.; Bergmann, A.; Roldan Cuenya, B.; Magnussen, O.M. Atomic-scale surface
restructuring of copper electrodes under CO, electroreduction conditions. Nat. Catal. 2023, 6, 837-846. [CrossRef]

Li, P; Bi, J; Liu, J.; Zhu, Q.; Chen, C.; Sun, X.; Zhang, J.; Han, B. In situ dual doping for constructing efficient CO,-to-methanol
electrocatalysts. Nat. Commun. 2022, 13, 1965. [CrossRef]

Kong, S.; Lv, X.; Wang, X,; Liu, Z.; Li, Z,; Jia, B.; Sun, D.; Yang, C.; Liu, L.; Guan, A ; et al. Delocalization state-induced selective
bond breaking for efficient methanol electrosynthesis from CO,. Nat. Catal. 2022, 6, 6-15. [CrossRef]

Su, X,; Jiang, Z.; Zhou, J.; Liu, H.; Zhou, D.; Shang, H.; Ni, X,; Peng, Z.; Yang, F.; Chen, W,; et al. Complementary Operando
Spectroscopy identification of in-situ generated metastable charge-asymmetry Cuy-CuNj clusters for CO, reduction to ethanol.
Nat. Commun. 2022, 13, 1322. [CrossRef] [PubMed]

Ding, L.; Zhu, N.; Hu, Y,; Chen, Z.; Song, P.; Sheng, T.; Wu, Z.; Xiong, Y. Over 70 % Faradaic Efficiency for CO, Electroreduction to
Ethanol Enabled by Potassium Dopant-Tuned Interaction between Copper Sites and Intermediates. Angew. Chem. Int. Ed. 2022,
61, €202209268. [CrossRef] [PubMed]

Wang, P; Yang, H.; Tang, C.; Wu, Y.; Zheng, Y.; Cheng, T.; Davey, K.; Huang, X.; Qiao, S.-Z. Boosting electrocatalytic CO,-to-ethanol
production via asymmetric C-C coupling. Nat. Commun. 2022, 13, 3754. [CrossRef] [PubMed]

Fang, M.; Wang, M.; Wang, Z.; Zhang, Z.; Zhou, H.; Dai, L.; Zhu, Y.; Jiang, L. Hydrophobic, Ultrastable Cu®* for Robust CO,
Electroreduction to Cp Products at Ampere-Current Levels. J. Am. Chem. Soc. 2023, 145, 11323-11332. [CrossRef]

Peng, C.; Luo, G.; Zhang, ].; Chen, M.; Wang, Z.; Sham, T.-K.; Zhang, L.; Li, Y.; Zheng, G. Double sulfur vacancies by lithium
tuning enhance CO; electroreduction to n-propanol. Nat. Commun. 2021, 12, 1580. [CrossRef]

Kurouski, D.; Dazzi, A.; Zenobi, R.; Centrone, A. Infrared and Raman chemical imaging and spectroscopy at the nanoscale. Chem.
Soc. Rev. 2020, 49, 3315-3347. [CrossRef] [PubMed]

Dazzi, A.; Prater, C.B. AFM-IR: Technology and Applications in Nanoscale Infrared Spectroscopy and Chemical Imaging. Cherm.
Rev. 2017, 117, 5146-5173. [CrossRef] [PubMed]

Verma, P. Tip-Enhanced Raman Spectroscopy: Technique and Recent Advances. Chem. Rev. 2017, 117, 6447-6466. [CrossRef]
Itoh, T.; Prochazka, M.; Dong, Z.C.; Ji, W.; Yamamoto, Y.S.; Zhang, Y.; Ozaki, Y. Toward a New Era of SERS and TERS at the
Nanometer Scale: From Fundamentals to Innovative Applications. Chem. Rev. 2023, 123, 1552-1634. [CrossRef]

Gabardo, C.M.; O’Brien, C.P; Edwards, J.P.; McCallum, C.; Xu, Y.; Dinh, C.-T.; Li, J.; Sargent, E.H.; Sinton, D. Continuous Carbon
Dioxide Electroreduction to Concentrated Multi-carbon Products Using a Membrane Electrode Assembly. Joule 2019, 3, 2777-2791.
[CrossRef]

Senthilkumar, P.; Mohapatra, M.; Basu, S. The inchoate horizon of electrolyzer designs, membranes and catalysts towards highly
efficient electrochemical reduction of CO, to formic acid. RSC Adv. 2022, 12, 1287-1309. [CrossRef]


https://doi.org/10.1038/s41467-023-39351-2
https://www.ncbi.nlm.nih.gov/pubmed/37328481
https://doi.org/10.1021/acs.nanolett.1c01258
https://www.ncbi.nlm.nih.gov/pubmed/33978428
https://doi.org/10.1021/acs.nanolett.6b05287
https://www.ncbi.nlm.nih.gov/pubmed/28094953
https://doi.org/10.1002/smll.202005148
https://www.ncbi.nlm.nih.gov/pubmed/33448131
https://doi.org/10.1007/s12274-021-3335-x
https://doi.org/10.1038/ncomms13869
https://doi.org/10.1002/anie.201706777
https://doi.org/10.1039/C5SC03695J
https://doi.org/10.1039/C6RA20466J
https://doi.org/10.1002/anie.201706311
https://doi.org/10.1021/acscatal.0c04789
https://doi.org/10.1038/s41929-022-00844-w
https://doi.org/10.1038/s41929-023-01009-z
https://doi.org/10.1038/s41467-022-29698-3
https://doi.org/10.1038/s41929-022-00887-z
https://doi.org/10.1038/s41467-022-29035-8
https://www.ncbi.nlm.nih.gov/pubmed/35277523
https://doi.org/10.1002/anie.202209268
https://www.ncbi.nlm.nih.gov/pubmed/35833916
https://doi.org/10.1038/s41467-022-31427-9
https://www.ncbi.nlm.nih.gov/pubmed/35768462
https://doi.org/10.1021/jacs.3c02399
https://doi.org/10.1038/s41467-021-21901-1
https://doi.org/10.1039/C8CS00916C
https://www.ncbi.nlm.nih.gov/pubmed/32424384
https://doi.org/10.1021/acs.chemrev.6b00448
https://www.ncbi.nlm.nih.gov/pubmed/27958707
https://doi.org/10.1021/acs.chemrev.6b00821
https://doi.org/10.1021/acs.chemrev.2c00316
https://doi.org/10.1016/j.joule.2019.07.021
https://doi.org/10.1039/D1RA05062A

Materials 2024, 17, 600 19 of 19

110.

111.

112.

113.

114.

Mok, D.H,; Li, H.; Zhang, G,; Lee, C.; Jiang, K.; Back, S. Data-driven discovery of electrocatalysts for CO, reduction using active
motifs-based machine learning. Nat. Commun. 2023, 14, 7303. [CrossRef] [PubMed]

Qi, R;; Zhu, B.; Han, Z.; Gao, Y. High-Throughput Screening of Stable Single-Atom Catalysts in CO, Reduction Reactions. ACS
Catal. 2022, 12, 8269-8278. [CrossRef]

Ampelli, C.; Genovese, C.; Marepally, B.C.; Papanikolaou, G.; Perathoner, S.; Centi, G. Electrocatalytic conversion of CO; to
produce solar fuels in electrolyte or electrolyte-less configurations of PEC cells. Faraday Discuss. 2015, 183, 125-145. [CrossRef]
[PubMed]

Giusi, D.; Miceli, M.; Genovese, C.; Centi, G.; Perathoner, S.; Ampelli, C. In situ electrochemical characterization of CuxO-based
gas-diffusion electrodes (GDEs) for CO, electrocatalytic reduction in presence and absence of liquid electrolyte and relationship
with C2+ products formation. Appl. Catal. B Environ. 2022, 318, 121845. [CrossRef]

Lv, ].-J; Jouny, M.; Luc, W.; Zhu, W.; Zhu, ].J.; Jiao, F. A Highly Porous Copper Electrocatalyst for Carbon Dioxide Reduction. Adv.
Mater. 2018, 30, 1803111. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-023-43118-0
https://www.ncbi.nlm.nih.gov/pubmed/37952012
https://doi.org/10.1021/acscatal.2c02149
https://doi.org/10.1039/C5FD00069F
https://www.ncbi.nlm.nih.gov/pubmed/26392133
https://doi.org/10.1016/j.apcatb.2022.121845
https://doi.org/10.1002/adma.201803111
https://www.ncbi.nlm.nih.gov/pubmed/30368917

	Introduction 
	Fundamentals for CO2 Reduction to Alcohols 
	Strategies to Improve Alcohol Production 
	Crystal Facet Regulation 
	Oxide-Derived Cu 
	Alloying 
	Tandem Catalysis 
	Single-Atom Catalysts 
	Interface Engineering 
	Non-Metal Sites 

	Advanced Spectroelectrochemical Analysis for Mechanism Understanding 
	Methanol 
	Ethanol 
	Propanol 

	Summary and Perspectives 
	References

