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One effective strategy for mitigating carbon emissions is utilizing carbon dioxide as a substrate to synthesize
high-value multi-carbon products through the electrochemical CO; reduction reaction (CO2RR). Despite the
widespread application of C3 oxygenated hydrocarbons, including propanol, acetone, and butanol, in numerous
industrial chemical processes, the literature provides scant reporting on their role in electrochemical CO2
reduction reactions. In this review, the reaction mechanisms specific to predominant Cz products are analyzed in
detail. Subsequently, we outline advancements concerning three distinct variants of Cu-based catalysts, namely
1) Cu oxide-derived catalysts, 2) Cu nanoparticle catalysts, and 3) Cu single atoms and molecular Cu catalysts.
Meanwhile, the feasibility of designing copper-based tandem catalytic systems to produce Csz products in CO2RR
is also discussed. Additionally, the review explores the emergence of non-Cu-based catalysts, particularly nickel
(Ni)- and molybdenum (Mo)-based transition-metal phosphides and chalcogenides. These systems, with the
characterization of high catalytic efficiency, excellent stability and low cost, provide sustainable and economical
alternatives. The integration of such catalysis offers promising solutions to overcome existing limitations, paving
the way for efficient, scalable, and sustainable CORR technologies. Besides artificial intelligence (AI) and ma-
chine learning (ML) combined with DFT and high-throughput (HT) experiments, as a new paradigm shift in data-
driven catalyst exploration, this review addressed some promising recent work for catalysts to yield Cs; products

from CO2RR on that edge.

1. Introduction

Global industrialization has accelerated for over a century, accom-
panied by the large-scale use of fossil fuels (coal, oil, and natural gas),
resulting in a significant increase in greenhouse gas emissions (such as
CO4 and NO») [1,2], which has had irreversible effects on global surface
temperatures and precipitation. What’s worse, traditional fossil fuels
will continue to dominate energy consumption in the long term, and the
current global CO, emissions remain a cause for concern [3]. As shown
in (Fig. 1), global CO5 emissions have been rising annually, reaching
36.1 billion tons in 2022. If the current emission growth rate continues,
the temperature will increase by 1.5°C within 7.1 years. 4 To mitigate
the greenhouse effect, researchers have developed various technologies
to capture and convert carbon dioxide into value-added chemicals [5],
including electrochemical reduction [6], photocatalytic reduction [7],
and biological conversion [8].

Among these methods, the CO2RR is considered the most promising
conversion pathway due to its unique advantages: (1) CO2RR can be
carried out under mild conditions; (2) the reaction phase can be finely
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controlled, and adjustable electrochemical parameters facilitate high
conversion efficiency; (3) it can utilize various renewable energy sources
such as wind and solar power as electrocatalytic drivers, storing energy
in the synthesized chemicals [9].

High C=0 bonding energy (750 kJ mol™!) makes CO, very stable,
resulting in a high activation energy requirement for CO2RR [10]. To
date, efforts to break through the performance boundaries to meet
commercialization needs have been made by using metal catalysts,
including copper (Cu), gold (Au), and silver (Ag) [11]. In recent years,
significant progress has been made in the selectivity and Faradaic effi-
ciency (FE) of C; and Cg products in CO2RR, such as carbon monoxide
(CO) [12], formic acid [13,14], and ethylene [15,16].

However, although significant progress has been achieved in elec-
trochemical COz2RR for producing C; and Cp products, the electro-
chemical COzRR still faces a lot of challenges in achieving high
selectivity and productivity when generating C3 and C3, products. The
main bottlenecks hindering industrial-scale production and commer-
cialization include: Firstly, the selectivity and productivity toward Cs;
products are generally low, currently insufficient to meet the economic
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viability and scalability required for industrial applications [17]. Sec-
ondly, reports and systematic investigations on Cs; products are
considerably fewer compared to those on C; and C, products, leading to
an incomplete understanding of the reaction mechanisms, critical in-
termediates, and product distribution rules [18]. This significantly
hinders precise tuning and further optimization of reaction systems.
Thirdly, the synthesis of C3. products involves complex carbon-carbon
coupling steps, such as C;-C; and C;-Cz coupling, which impose strin-
gent requirements on the surface structures and electronic properties of
the catalysts [19]. Moreover, the formation pathways of C3, products
often compete directly with those of Cy products (e.g., ethylene and
ethanol) [20]. Additionally, undesirable side-products such as hydrogen
and formic acid are commonly formed, significantly diminishing selec-
tivity and overall efficiency towards target Cs; chemicals. Lastly, few
studies have reported stable, long-term production of Cz, products
under high current densities, indicating an urgent need to enhance both
the overall energy efficiency and reaction stability for industrial-scale
applications [21].

Despite these challenges, Cs, products have attracted considerable
attention due to their essential roles in industry, energy, and consumer
products, holding key positions in modern manufacturing and everyday
life [22]. For example, propane and butane are extensively used as
heating fuels in both industrial and residential applications. Ethane and
propane are frequently converted via dehydrogenation into essential
petrochemical platform molecules such as ethylene and propylene.
Additionally, isoprene and butadiene serve as critical monomers in
elastomeric materials, including synthetic rubbers widely used in tyres.
Styrene is predominantly utilized in the production of polystyrene and
as a comonomer in high-performance polymer materials such as
acrylonitrile-butadiene-styrene (ABS), styrene-butadiene rubber, and
unsaturated polyester resins [23]. Moreover, certain oxygen-containing
Cs; compounds, including n-propanol, isopropanol, n-butanol, iso-
butanol, and 1,4-butanediol (1,4-BDO), are also widely applied in in-
dustrial production and daily consumer products. N-propanol and
propionaldehyde are essential solvents and reaction intermediates in
various chemical processes. Specifically, n-propanol has drawn signifi-
cant attention as a promising fuel additive due to its superior octane
rating, higher heat value, and lower emission characteristics compared
to methanol and ethanol. Isopropanol, n-butanol, and isobutanol are
extensively used as industrial cleaners and key solvents in household

3530t 3340t
4 Jan o Jan
2019 2020

Fossil + _LUC

(ot

Glokal carban emizzions (GHCO, vl

Pawer Inclustry
Internztisnal bunkers

Domestic sviation

“

Next Materials 8 (2025) 100772

products such as inks and paints due to their high volatility, ease of
removal, and amphiphilic nature (compatibility with both aqueous and
organic phases) [22].

Despite the established high economic value and market demand of
these C3, products in the industrial and energy sectors, their global
production and market scale remain significantly limited due to tech-
nical and cost barriers. For instance, the current global production of n-
propanol is merely around 0.2 million tons per year—considerably
lower than mature bulk chemicals like methanol (150 million tons/
year), ethanol (77 million tons/year), and ethylene (140 million tons/
year). This limited supply maintains a high market price, constraining
broader applications and large-scale industrial development. Notably,
propylene, propane, and butane possess substantial global market values
of approximately 104.1 billion USD, 82.4 billion USD, and 108.4 billion
USD, respectively. Other economically significant C3, products include
propanol (3.1 billion USD), acetone (5.7 billion USD), ethyl acetate (5.5
billion USD), butadiene (10.5 billion USD), 1,4-butanediol (6.5 billion
USD), and 1-butanol (5.2 billion USD) [21,22]. These substantial market
values underscore the immense economic potential and importance of
sustainably synthesizing these C3, products [21].

Thus, advancing high-efficiency CO; electrochemical conversion
technologies to overcome current bottlenecks in selectivity and pro-
ductivity of Cg products can significantly reduce their production costs,
expand market sizes, and enhance economic competitiveness. Such ad-
vancements are expected not only to unlock greater application poten-
tials in high-value sectors, including fuels, plastics, synthetic rubbers,
and polyurethanes, but also fundamentally drive the low-carbon tran-
sition and sustainable growth of the global chemical industry, resulting
in considerable environmental benefits and economic returns.

Copper is widely used in CO2RR, due to its unique empty d-orbitals,
can coordinate with CO5 and reduce the energy of the C—0 bond during
catalysis [24,25]. Moreover, it also has ideal binding energies with most
intermediates produced in CO2RR (e.g., *OCHO, *CO) [26], allowing
these intermediates to further couple and generate multi-carbon prod-
ucts. This review first describes the current generation mechanisms of
the most common C3 products through electrochemical CO;RR. Then
comprehensively analyzes various copper-based catalysts, dividing the
Cu catalysts based on their structural and morphological characteristics
into oxide-derived Cu (OD-Cu), Cu nanoparticles (NPs), Cu single atoms
(SAs), and molecular Cu catalysts. The review summarizes the research

tround tranaport
Residential

Fig. 1. Global CO, emissions 1970-2022 [4]. Copyright 2023, Springer Nature.
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progress of existing copper-based catalysts and non-copper-based cata-
lysts in converting COy into Cs; products through electrochemical
reduction. Additionally, it discusses some insights into the production of
Cs products through the design of tandem catalytic systems in CO2RR,
pointing to the future design of highly active, directionally selective, and
stable catalysts and tandem catalytic systems.

While significant advancements have been made in the electro-
chemical CO2RR to produce C; and Cj products, the synthesis of C3;
products remains an intricate challenge due to the high energy barriers,
complex reaction pathways, and critical need for well-optimized active
sites to facilitate C-C coupling. Conventional methods, such as density
functional theory (DFT) and experimental high-throughput screening,
often fall short in addressing these complexities due to their computa-
tional and resource limitations. Recent breakthroughs in integrating
artificial intelligence (AI), machine learning (ML), and high-throughput
algorithms have introduced a transformative paradigm for catalyst dis-
covery. These data-driven approaches accelerate the identification and
optimization of electrocatalysts by combining the predictive power of
ML with the fundamental insights provided by DFT, enabling the rapid
screening of vast catalytic spaces and improving reaction selectivity. By
leveraging these innovations, researchers have made strides in designing
highly selective catalysts, particularly to produce complex hydrocarbons
and oxygenates, offering a promising pathway to overcome the inherent
challenges of CO2RR. This review also analyses the promising insights
from this perspective.

2. Reaction pathways and mechanism of C3 products

The reaction mechanisms for CO5 conversion into Cy products (such
as CoHy, C2HsOH, etc.) are highly diverse, with their primary differences
arising from the various C-C coupling pathways. Influenced by catalysts
and reaction environments, it is widely recognized that four main *C-C
coupling mechanisms exist, including *CO-CO [27,28], *OC-CHOH
[29], *OC-CHO [30], *OC-COH [31], and HoC-CH; [32] (* representing
adsorption sites on the catalyst surface). Current research has conducted
relatively thorough investigations on these four different *C-C coupling
methods and subsequent reactions. Theoretically, the generation of C3
products from CO; involves 3206 intermediates and 4506 reactions
[33], resulting in significant controversies over the reaction mechanisms
of various Cg products. It is generally believed that there are two main
pathways for the CO2RR to C3 products: one is the direct trimerization of
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*CO (C1-C1-Cy) [34], and the other is the formation of *C, intermediates
through *C-C coupling, followed by the coupling of *Cy intermediates
with *CO (*C;-Cg) [35], ultimately forming C3 products. According to
current reports and related density functional theory (DFT) studies, the
main C3 products generated through CORR are 1-propanol, 2-propanol,
acetone, propylene, and propane. Therefore, we will mainly discuss the
reaction mechanisms of these five products.

2.1. Mechanism of n-propanol

n-propanol is the most common C3 product in CO2RR using Cu-based
catalysts. Although the exact reaction pathway for n-propanol remains
unclear, current studies suggest that its formation occurs through the
cleavage of the O-C bond at the middle carbon position of the C-C-C
chain. This results in an oxygen-containing carbon at the end of the alkyl
chain [36-38]. Additionally, there is evidence indicating that ample C-C
coupling to form C, intermediates and/or ethylene [39], as well as
saturated CO or *CO, can increase the selectivity for n-propanol
[40-42]. According to DFT calculations, three types of *C, intermediates
can produce n-propanol: *OCCO [41,43], *OCCOH [44,45], and
*HOCCOH [46]. These intermediates are determined by the active sites
provided by the catalyst during the reaction, with specific steps illus-
trated in Fig. 2.

The most common pathway for the formation of n-propanol is shown
in the black route. It begins with the coupling of two *CO to form
*OCCO. The resulting *OCCO then reacts with a third *CO to form
*QCCOCO, which subsequently undergoes a proton-electron transfer
process to form n-propanol. The blue route represents the *HOCCOH
reaction pathway, two *HOC molecules couple to form *HOC-COH,
which then undergoes *CO insertion and n-propanol forms through
proton-electron transfer. The red route involves the *COCHO and *CO
coupling to form *COCOCHO. However, it is important to note that the
*Cy intermediates in these three pathways are also considered key in-
termediates for ethylene and ethanol which means Cy products will
inevitably compete with n-propanol during CO2RR process

2.2. Mechanism of 2-propanol reaction & acetone

Unlike the formation mechanism of n-propanol, 2-propanol primar-
ily forms through the coupling of the *OCH,CH3 intermediate with *CO
to form *CHOHCHOHCH3;, which then undergoes a proton-electron
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transfer process (green route) [47]. There are some pieces of evidence
indicating that over-saturated CO; favors the formation of the key in-
termediate *OCH3CHg, increasing the coverage of *CO and *OCH,CHs,
thereby selectively producing 2-propanol in CO2RR reactions [47].
However, some studies speculate that 2-propanol forms through the
coupling of *HCCOH and *HCO adsorption under alkaline conditions, as
shown in the purple route [48], while this formation mechanism of
2-propanol should be verified through a combination of in-situ technical
experiments and DFT calculations.

The commonly accepted mechanism for acetone formation involves
the 'CO insertion process’ which is shown in the yellow route [49].
Gaseous CO; forms a radical anion * COqe, producing the adsorbed in-
termediate *COOH. The adsorbed *COOH undergoes further reduction
to form the intermediate * CO, leading to the formation of * CHO (I).
The desorbed CO can diffuse and spill over to the catalyst sites to un-
dergo the "CO insertion process," forming *COCHO (II). (II) then couples
with *CO to form the *CHOHCOCHO (III) intermediate, which eventu-
ally undergoes a series of proton-coupled electron transfer processes to
form acetone. It is noteworthy that acetone production via this pathway
is always accompanied by methanol and 1-propanol formation. After (I),
the reduction and rearrangement of the catalyst to *OCHs results in the
formation of CH3OH. After (II), it accompanies the formation of ethylene
and ethanol, and after (III), it can randomly lead to n-propanol pathways
[50].

Chen et al [51]. discovered a new pathway for acetone formation
through studies on copper single atoms (Fig. 3a). Unlike the previous
pathway, in this mechanism, *COCOH transforms into *COC species by
breaking the C-O(H) bond. The formed *COC is further reduced to the
*COCHs intermediate through sequential hydrogenation steps. The
*COCHj; intermediate then couples with another adsorbed *CO to form
*COCOCHs3, and finally, through a proton-electron transfer process,
acetone is formed.

2.3. Mechanism of propylene and propane

Due to the almost non-existent occurrence of propylene in Cu-based
CO2RR, there is limited research on the mechanism of propylene
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formation. One possible reason is that the formation of propylene re-
quires 18 electrons, involving complex intermediates and facing kinetic
limitations. Additionally, the formation of propylene can be traced back
to the allyl alkoxy (*CHy=CHCH30) intermediate, which easily desorbs
in an alkaline microenvironment, making propylene formation unfa-
vorable [37]. Gao et al [39]. proposed that the key to propylene for-
mation involves the coupling between adsorbed/molecular COy or
*COOH intermediates and highly protonated adsorbed *Cy in-
termediates with carbon double bonds, such as *OCH=CH; from the
ethylene pathway. This is followed by multiple proton-electron transfer
processes to form propylene (Fig. 3b). Yeo et al [52]. proposed a
CH/CH; insertion mechanism on a polarized Ni surface, starting with
the coupling of *CH/CH> + *COOH and then followed by the insertion
of CH and/or CHp, forming longer-chain Cs; hydrocarbon (Fig. 3¢, d).

Asadi et al [53]. developed an ImF-MogP catalyst that reduces CO to
propane through the trimerization of *CO (Fig. 3e). In the most ther-
modynamically favorable mechanism, the initial steps (prior to RC7)
involve three consecutive CO4 adsorptions and related proton-coupled
electron transfer (PCET) reactions (CO2 — COOH — CO), forming *CO
-+ *CO + *CO adsorbates on three neighboring Mo sites of ImF-MosP
(RC7). Through energetic adjustments of the *CO trimers, *CO-CH-CO
(RC11), the most promising precursor to proceed into the trimerization
step, is finally obtained. After generating the crucial C-C-C trimerization
on the surface of catalysts, the final step involves protonating all O/OH
groups in the adsorbates (starting from RC11), forming H5O, and satu-
rating the C atoms with hydrogen to form RC15, yielding the CsHg
product.

Huang et al [54]. systematically used machine learning ML to predict
the C-C-C coupling process in CO2RR and the Cj3 reaction pathways.
They found that the direct coupling of *C; intermediates is energetically
more favorable than C-C coupling between *C; and *C; intermediates.
The highly hydrogenated synthesis mechanisms of propylene and pro-
pane might be more suitable for developing non-Cu-based materials for
*Cp-*C1-*Cy trimerization. Combining ML with various metal catalysts
may thermodynamically discover more favorable pathways for pro-
ducing propylene and propane.
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3. Cu-based materials for CO2RR to C3 products
3.1. Cu oxide-derived Cu catalysts

The heterointerface effect can regulate the reconstruction behavior
of catalysts during the electrochemical CO2RR, which could optimize
their activity and stability [55]. Among these strategies, pre-oxidation
serves as an effective approach by customizing the surface/interface
[56] and modulating the structure and properties [57], thereby regu-
lating the electrified interface through the adjustment of uncoordinated
atoms to enhance catalyst selectivity [58].

Oxide-derived copper (Cu-OD) films exhibit unique selectivity to-
wards C3 products, a property stemming from their potential to generate
numerous grain boundaries*® during consecutive oxidation and rede-
position processes. Studies have shown that partially or completely pre-
oxidizing Cu catalysts before CO; electrolysis can generate catalyst
precursors, which subsequently undergo pre-reduction reactions to form

Next Materials 8 (2025) 100772

Cu-OD materials. This effectively alters the surface morphology,
roughness, and size of the catalyst, thereby changing its crystalline
orientation which facilitates the formation of active sites on the catalyst
surface and low-coordination environments, further promoting the C-C
coupling process and enhancing the selectivity and FE towards Cs.
products. Currently, Cu-OD techniques primarily include chemical
oxidation [46,59,60], thermal annealing [61,62], oxygen plasma expo-
sure [63], and halide anion treatment [64-66]. The construction of
Cu-OD catalysts typically begins with synthesizing precursor materials
where copper exists in an oxidation state of + 1 or + 2. The final acti-
vation of these copper oxide-based precursor materials usually occurs
before or during the CO2RR, applying cyclic voltammetry (CV) or linear
sweep voltammetry (LSV) tests, within an electrochemical environment.

3.1.1. Chemical oxidation
CuyO made from chemically oxidized Cu material has attracted
widespread attention due to its simple preparation and other
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advantages. Different types of Cu oxides can be obtained through simple
alkaline treatments or hydrothermal methods. These differences may
lead to variations in the surface roughness of copper and the under-
coordinated Cu sites after electroreduction, leading to the selectivity of
Cu catalysts’ final products (C; or C3, products) being different.

Zhang et al [59]. crafted CuyO hollow nanocages (HNCs) through an
in situ oxidative etching methodology, whereby Cu precursors under-
went a high-temperature reduction to generate polyhedral Cu nano-
crystals, followed by in situ oxidative etching into hollow interiors via
oxygen gas bubbling (Fig. 4a). This reduction process for CuyO HNCs
augmented the number of defect sites and stepped facets in the material,
FE of n-propanol reached 8.21 % under —1.1 V vs. RHE. In a parallel
study, Yeo et al [60]. fabricated CupO catalyst films with various
thicknesses and morphologies via a hydrothermal approach. These oxide
films were pre-reduced to Cu(0) catalysts, which were then employed for
CO2RR. They discovered that following pre-reduction, micro-sized CuaO
particles converted into CuyO-derived Cu nanoparticles, with the crys-
tallite size of the particles decreasing from 41 nm to 18 nm. The small Cu
nanoparticles led to an increase in the specific surface area, the creation
of numerous grain boundaries, activation of sites, and ultimately
stronger adsorption of CO on the Cu active sites. The resultant FE was
5.4 % for n-propanol at —1.7 mA cm~2. Not only does the size of the
catalyst Cu-OD copper nanoparticles affect the selectivity of the Cs;
product, Yeo’s team [67] further demonstrated that the local microen-
vironment under electrolysis also affects the production of the Cs,
product. They reported the generation of C4 oxygenates by alkaline
electrolysis of CO3 in a flow cell using a CuO-derived Cu gas diffusion

Next Materials 8 (2025) 100772

electrode (GDE) (Fig. 4b). As obtained by combining reaction product
analysis of possible intermediates of electrolysis with DFT studies, the
formation of the key C4 intermediate crotonaldehyde (CH3CH=CHCHO)
can be traced back to the aldol condensation of two acetaldehyde
(CH3CHO) molecules produced by carbon dioxide electroreduction (C-C
bond formation) (Fig. 4c). At the same time, OH  ions in the electrolyte,
localized alkaline pH facilitate the initial C-C coupling step between the
two acetaldehyde molecules and promote the generation of C4 long
chains, with the Cu surface contributing to the subsequent dehydration
step of crotonaldehyde, and consequently to the generation of 1-butanol
on copper, an FE = 0.056 %, j1-butanol = -0.080 mA cm~2 achieved at
—0.48 vs RHE (Fig. 4d). However, although the authors demonstrated
for the first time the generation of C4 long chains by the Cu-OD method,
due to factors such as the low activity of acetaldehyde reduction to
1-butanol on copper material, while the promotion of C-C coupling and
dehydration steps must be copper-based catalysis, resulting in selectivity
of 1-butanol is low which constrained by the limitations of traditional
one-pot methods. Therefore, to develop multi-carbon products effec-
tively, employing efficient tandem catalysts [68,69], or tandem cells
[70,71] might be a preferable option.

Meanwhile, Tang et al [46]. employed CupO and CuO with diverse
valence states by oxidizing Cu foils in different concentrations of NaOH,
finding that CuOD-Cu possessed a significant n-propanol catalytic effi-
ciency of up to 17.9 % FE, whereas the main product on CupOD-Cu
electrode was formate. (Fig. 5a) Moreover, the CuOD-Cu shows a top
performance with high FE and low overpotential compared to other
CO2RR reports (Fig. 5b), with the FE of n-propanol maintained at 15 %
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after 150-hour continuous CO,RR at —0.94V vs. RHE (Fig. 5c).
Although the authors noted that the CuOD-Cu catalysts preferred
n-propanol in terms of selectivity, they also derived through molecular
dynamics simulations that the reason for the generation of n-propanol
was because CuOD-Cu possessed a rougher surface, (i.e., a higher den-
sity of surface Cu atoms) as compared to CuyOD-Cu, which is agreeable
to the view of YeO et al [60]. Moreover, the SiOy-mediated Cu™/Cu(0)-
NH, composite interface further enhanced the COy reduction perfor-
mance. Wang et al [72]. coated a porous SiOy layer on CupO nano-
particles and subsequently modified the SiO5 surface with an -NHjy
functionalized silane coupling agent. The strong interfacial interaction
between SiOy and CupO induced the oxidation of low valence Cu,
allowing part of Cu™ to remain in its oxidized state even during CO,RR,
ultimately forming a Cut/Cu(0) interface. Additionally, SiO acted as a
bridge connecting Cu species with -NH; functional groups, constructing
a Cu-NH; composite catalytic interface. This synergistic interaction
enhanced CO, adsorption and activation, facilitated CO intermediate
formation, and accelerated C-C coupling at the Cut/Cu(0) interface.
Actually, it is worth noting that the more abundant undercoordinated Cu
sites are also crucial for the generation of n-proponal. DFT results
revealed that the most favorably converted *C, intermediate on the
surface of the CuOD-Cu catalyst is “HOCCOH. *HOCCOH is thermody-
namically more preferred to be coupled to *CO, which favors the for-
mation of *C; and *C, intermediates, allowing for C-C coupling not only
between *CO and *CO but also between *CO and *C, [38,73]. In addi-
tion to the regulation of Cu oxides, researchers have found that the
asymmetric sites formed by Cu™t and Cu(0) play a critical role in stabi-
lizing *CO and *OCCO intermediates and promoting *OC-COCO
coupling to produce n-propanol [74-77]. As a result, studies focusing on
controlling the oxidation states of copper (Cu™/Cu(0)) to enhance Cs
yield are increasingly gaining attention. However, in the electro-
chemical CO,RR, Cu™ is inevitably reduced to Cu(0), which leads to a
decrease in the content of Cu®, thereby affecting the catalytic perfor-
mance and electrochemical stability. Scientists have tried various
methods to maintain the relative stability of CupO during the CORR
process [74,78-80]. Zheng et al [80]. created double sulfur vacancies on
the hexagonal CuS (100) planes by lithium electrochemical tuning
method (Fig. 5d). This high density of dual sulfur vacancies not only
effectively adjusted the ratio of Cut/Cu in the catalyst but also reduced
the Cu-Cu distance. As a result, the FE for n-propanol production in
H-cells increased to 15.4 %, and the partial current density for n-prop-
anol production in flow cells further increased to 9.9 mA/cm?. Duan et
al [79]. successfully synthesized a catalyst with a bicontinuous struc-
ture, b-CuyO/Cu, by electrochemically reducing Cu(OH),/CuO. This
structure consists of ultra-small nano-domains smaller than 10 nm
(Fig. 5e, f). Analyses using X-ray diffraction (XRD), X-ray absorption
spectroscopy (XAS), and X-ray near edge structure (XANES) show that
the Cu valence state in b-CupO/Cu remains stable during electrolysis,
with a dynamic transition occurring between Cu™ and Cu(0). Further-
more, X-ray photoelectron spectroscopy (XPS), Cu LMM, and electron
paramagnetic resonance (EPR) results indicate that there are abundant
oxygen vacancies in the b-CupO/Cu catalyst. These oxygen vacancies
likely originate from the bicontinuous structure composed of CupO
nanodomains, metallic Cu nano-domains, and numerous Cu,O-Cu in-
terfaces. This dynamic transition of Cu valence states allows b-Cuy0/Cu
to demonstrate a significantly high FE for n-propanol
(FEp-propanoi=16.2 %) and good electrochemical stability, maintaining
performance for 10 hours at —1.4 V vs. RHE. Atomically dispersed CuyO
can simultaneously induce the formation of a large number of oxygen
vacancies with strong Lewis acid activity, with the assistance of the
porous tubular electrode, directional gas transport is realized, con-
structing a rich gas-liquid-solid three-phase reaction interface, which
could enhance the activity and selectivity of the catalysts [81]. In
contrast, n-Cu,0/Cu nanoparticles’” with an average size of 54.4
+ 4.2 nm, fabricated via NaBH, reducing, only achieved an FE of 4.2 %
at the same voltage and showed a poor stability. Although methods such

Next Materials 8 (2025) 100772

as increasing oxygen vacancies have been used to improve electro-
chemical stability, further enhancing stability by integrating changes in
the microenvironment during the electrochemical process remains a
challenge that requires additional research [82,83].

In addition to maintaining the Cu™/Cu(0) state through oxygen va-
cancies, doping copper catalysts with secondary metals or heteroatoms
such as sulfur, boron, and halides can also effectively delay the depletion
of Cu™ and promote C-C coupling reactions [44,77,84-86]. Wang et al
[85]. designed a Cu-Cul composite catalyst with a rich Cu®/Cu(0)
interface by physically mixing Cu nanoparticles and Cul powder. Under
the potential of —1.00 V vs. RHE, this catalyst demonstrated good
electrochemical performance in producing n-propanol, with an FE of
6.9 %. Structural characterizations before and after the reaction indi-
cated that the Cu-Cul composite catalyst underwent significant recon-
struction under CO,RR conditions, with residual Cu™ and adsorbed
iodine on the catalyst surface likely facilitating the rapid generation of
Co, products. Wang et al [44]. prepared copper catalysts modified with
different halogen elements (F-Cu, Cl-Cu, Br-Cu, I-Cu) via hydrothermal
methods and found that the production rate and FE of Cyz; products
significantly increased as the halogen electronegativity increased
(Fig. 6a, b). Cu LMM Auger spectra and X-ray absorption near edge
structure measurements displayed the co-existence of the Cu (0) and Cu™
on X-Cu catalysts, and with the increase in halogen electronegativity, the
proportion of Cu' sites increased, and the adsorption capacity of CO
enhanced (Fig. 6¢, d), ultimately achieving an n-propanol FE of up to
6.4 %. Additionally, Zheng et al [86]. co-modified the Cu surface in situ
with halide anions and alkali metal cations, choosing KCuF3 perovskite
as the precursor and reconstructing it into surface F-bonded, single
K-doped Cu(111) nanocrystals to create the K-F-Cu-CO> catalyst, which
can suppress the formation of Hy and CH4, enhancing the FE of
n-propanol to 4.7 % (Fig. 6e).

Apart from halide ions, boron-doped copper (Cu-B) catalysts exhibit
strong binding capabilities with CO due to the introduction of boron,
which alters the electronic state densities of Cu3d and C2p on the copper
surface, resulting in a stronger CO binding energy. This alteration in
electronic structure results in the copper atoms in the boron-doped re-
gions having a higher positive charge, thereby effectively promoting C-C
coupling and CO dimerization reactions [77]. Einaga et al [87].
observed that under ambient temperature and pressure conditions,
boron-doped diamond (Cu-BDD) electrodes can effectively reduce CO,
to acetone at —1.0 V vs. Ag/AgCl, demonstrating an FE of 7 %. Simul-
taneously, Cai et al [88]. reported that through online gas chromatog-
raphy (GC) analysis, chemically plated Cu-B suppresses the direct
release of CO and the formation of CH4 via the CHO pathway on the
copper surface, thereby promoting CO C-C coupling to form more
multi-carbon products, allowing the Cu-B catalysts to directly produce
n-propanol with an FE of 7.1 % at —1.15V vs. RHE. Additionally,
phosphorus-doped Cu (Cu-P) also demonstrated the production of
n-propanol under the same conditions with an FE of 5.1 %, attributed to
phosphorus’s low electronegativity (P: 2.19) and strong
electron-withdrawing capability, which helps stabilize the Cut/Cu(0)
surface state. Thus, by adjusting the doping ratio of boron and phos-
phorus in Cu catalysts, enhancing catalyst performance and selectivity,
further optimization of the generation of C3; products during COoRR
can be achieved [89].

3.1.2. Thermal annealing

Thermal annealing of copper-based catalysts leads to significant
changes in their structure and chemical states, primarily manifesting as
secondary mesopores within the pore sidewalls of the copper catalysts.
Following redox reactions, the internal restructuring of the copper
catalyst introduces additional lattice distortions and defects, creating
interfaces enriched with high surface energy favorable to produce Cg
products during CO2RR. The formation of Cu®*, cu™, and Cu®" can be
controlled by varying the annealing temperature and time and some
researchers believe that Cu®" is a dynamic valence state caused by CuO/
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Cuy0 on the surface and determined by different contents [90]. After
annealing, the CusO nanoparticles dynamically restructure during
electrochemical reduction [91], evolving into smaller Cu nanoparticles
with rich grain boundaries, which promotes the interconnection of
surface grain boundaries and active crystal planes, affecting CO
adsorption and C-C coupling steps [92]. Some researchers also proposed
that annealed copper catalysts can better avoid the accumulation of
poisoning carbon species on the surface compared to electroplated

catalysts [93], thus enhancing the production of C3, products. Broek-
mann et al [61]. modified copper mesh through electrodeposition and
thermal annealing, achieving an FE of 13.1 % for n-propanol production
and forming propylene during COz2RR at —0.9 V vs. RHE with a current
density of —1.33 mA cm 2. Notably, although only a small amount of
propylene is produced (FEcsps <2 %), this also proves the possibility of
electroreduction of Cu-OD copper catalyst to propylene. The increase in
FEcsye may be related to the catalyst’s crystal face and surface active
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sites [39].

Dutta et al [94]. electrodeposited copper foam on an activated car-
bon foil substrate, followed by annealing in air for 12 h at 300 °C to form
a CuO/Cuy0 stage catalyst. Ultimately, the reductive degradation of the
formed Cu-oxide precursor triggers morphological changes at the
nanoscale, including the appearance of smaller nanoparticles and
nanocavities on the dendritic foam structure. Identical location (IL)
scanning electron microscopy (SEM) analysis demonstrated an increase
in the electrochemical active surface area (ECSA), with newly formed Cu
nanoparticles and nanocavities affecting the ECSA by altering the den-
sity of low-coordinated surface sites and grain boundaries (Fig. 7a-f).
This promoted C-C coupling reactions, thereby enhancing the formation
of C3, products, resulting in an FE of 8.21 % at —1.72 mA cm ™2 under
the potential of —0.87 V vs. RHE. Kang et al [95]. utilized the highly
reactive N radicals of the N, plasma to produce interstitial nitrogen
atoms in the CuO crystals, which effectively regulates the binding en-
ergy between Cu and *CO intermediates. However, some researchers
proposed that the presence of CuzO nanoparticles indeed enhances the
selective C-C coupling in the carbon dioxide reduction reaction [96].
Furthermore, by adjusting the ratio of Cu™/Cu (0) on the Cu surface, the
forming of Cu'/Cu (0) interface lowered the energy barrier of the
original Cu(111) surface [97]. Therefore, annealing leads to the recon-
struction of multiple grain boundaries for the same metal or different
metal phases [98]. Based on this, Broekmann’s group62 took advantage
of the characteristics of Pd, which are conducive to the formation of
*CO, and synthesized an alloy with a total composition of 9 % Pd and
91 % Cu through electrodeposition. Subsequently, the prepared metal
alloy foam was converted to an oxidized state through thermal anneal-
ing, resulting in oxidized catalyst precursor being reduced
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pre-electrochemically to return to the metal state, achieving an FE of
13.7 % for n-propanol at —0.65 V vs. RHE with a current density of
—1.15 mA cm 2. Ex situ XRD and IL SEM revealed that this continuous
process from metal to oxide and then subsequent reduction to metal
indeed involved phase restructuring, with the surface nano-separating
into Pd-rich and Cu-rich domains, where Pd-rich domains facilitated
*CO formation and *H production, while Cu-rich domains were optimal
for C-C coupling. (Fig. 7g-t) The reduced metal state of PdgCug; was also
proven to have an increased ECSA and surface roughness of Cu nano-
particles compared to the precursor, indicating that the Cu-OD process
improved the catalyst’s geometric surface area through nanostructural
modification, inducing high local current densities. Furthermore, the
catalytic activity of high-temperature annealed OD-Cu stems from spe-
cific Cu sites. The magnetization of Cu ultimately achieved the anti-
parallel spin arrangement of electrons, promoting C-C coupling at Cu-Cu
sites, thus producing Cz [99]. High FE for n-propanol primarily because
the Cu-Cu sites completely suppressed the formation of methane and
other C; hydrocarbon pathways, promoting the formation of stable Cy
intermediates that combine with CO [100].

3.1.3. Oxygen plasma exposure & halogen anion treatment

Oxygen plasma treatment is a simple and scalable technique that can
grow predictable oxide structures under very mild conditions [101]. It is
also an effective method for activating catalysts, creating defects, or
embedding atoms, thereby enhancing reaction activity [102]. Owing to
its ability to quickly change the surface oxidation state at room tem-
perature, producing nanostructured oxide layers with adjustable mor-
phologies, many researchers applied this technique for reducing CO3 to
Cs. products. Cuenya et al [63]. utilized oxygen plasma treatment to

ap-Cu foam t | R 2p-Pd,Cu,, foam|
: | |8
o o
3 o NS
[opPdCu,foam ta-Pd,Cu,, foam
s ? s .
2 o g ) o
g . $ u‘ va
- v’u * < v\.~‘ M
ap-Pd foam 0d-Pd,Cu,, foam
i 2 2
[3 (3]

1C
l CuO (JCPDS: $0-12¢8)

&2

£ 5
I" CuPdO) (JCPOS: 43-0587)
t 8§ &

50 60 70 &
2 Theta (degree)

0 40 % 6 70 & 0 40
2 Theta (degree)

® Cu ¢ Pd * CunPds 4 Cu20 V¥ CuO ® CuPdOn
Cu-rich CuPd phase © Pd-rich CuPd phase

Fig. 7. a-c SEM micrographs of the as-deposited Cu foam; d-f SEM micrographs of the thermally annealed Cu foam (300 °C, 12 h, in air) denoted as Cu,O foam.9 [4]
Copyright 2020, Elsevier. IL SEM analysis of the co-alloyed foam catalyst depending on the processing stage; g-j as-prepared (ap) alloy foam; k-n thermally annealed
(ta) alloy foam. o-r oxide-derived (od) alloy foam; s XRD of the ap pure Cu, pure Pd, and the PdgCuy; foam samples; t XRD of the PdgCug; sample depends on the

processing stage ap, ta, and od.6 [2] Copyright 2020, Royal Society of Chemistry.



Y. Yang et al.

develop a Cu nanocube catalyst with adjustable Cu(100) facet structures
and ionic (0% and CI) levels. By controlling the compositions of oxygen
plasma, they discovered a strong correlation between the oxygen con-
tent within the copper nanocubes and their corresponding catalytic
performance and selectivity for n-propanol. The results indicated that
after Oy plasma treatment, the catalysts gained a higher subsurface ox-
ygen content during the oxidation phase, which stabilized the under-
ground strata of Cu nanocubes, leading to the formation of CuyO or
subsurface oxides. This resulted in lattice strain within the relatively
oxygen-deficient surface layers of the copper nanocubes [103]. More-
over, unique defect sites created during the Oy plasma oxidation phase
of the Cu-based catalyst were considered key factors for achieving
exceptional activity and selectivity for n-propanol. The plasma treat-
ment caused chemical and physical changes to the Cu surface, altering
the surface morphology, and achieving controllable surface roughening
[104]. Bell et al [105]. compared Cu surfaces roughened by plasma
pretreatment with Ar, O, and nitrogen Nj to electrochemically polished
Cu samples in terms of activity and product selectivity. They found a
higher proportion of low-coordination Cu sites on the roughened sur-
faces, which favored the adsorption of *OC-COH and promoted C-C
coupling. Compared to electrochemically polished Cu, Cu pretreated
with Ar or O, plasma showed more than an order of magnitude decrease
in CO production rate, while C3 products, (acryl alcohol and n-prop-
anol), were increased by a factor of 3-5, with FEc3products @approaching
10 %. The adjustment of surface roughness increased the ECSA and
regulated the surface orientation, such as Cu(100), creating surface
defect sites to provide low-coordination Cu sites, making them kineti-
cally favorable [106]. Based on the potential of the unique square
configuration of Cu(100) in promoting C-C coupling, especially in the
formation of n-propanol, Cuenya team [107] has focused on this surface
orientation and its interaction with surface defect sites and the Cu"/Cu
(0) ratio. Through a meticulously designed pulsed electrolysis method,
they not only adjusted the morphology and oxidation state of the copper
catalyst but also enhanced the activity of the Cu(100) surface through
roughening treatment, while precisely controlling the Cu*/Cu(0) ratio.
Furthermore, by carefully selecting the anodic potential, they achieved
continuous in situ regeneration of Cu™, optimizing the dynamic balance
of the catalytic process. These innovatively designed experimental pa-
rameters allowed the faradaic efficiency of n-propanol to reach 5.5 %
under the conditions of —1.0 V vs. RHE, demonstrating significant po-
tential in improving yield and selectivity. However, when designing
catalysts roughening, the impact of the microenvironment must also be
considered. Research by Raciti et al [108]. indicated that high current
densities observed on highly roughened electrocatalysts can rapidly
increase pH. Higher pH values reduce proton concentration and sup-
press the formation of C; products, favoring *CO-CO coupling and thus
promoting the formation of Cy, products [109,110]. However, high pH
can also reduce the local CO: concentration, and the limited amount of
CO:2 dissolved on rough electrode surfaces may decrease the efficiency of
electrochemical CO:RR [111]. Therefore, optimizing the kinetics of
CO2RR by adjusting factors such as surface roughness and local pH to
overcome kinetic barriers is crucial for the formation of C3, products.
The introduction of halide ions promotes the formation of copper-
halide compounds under oxidizing conditions, which subsequently
convert to CuxO and are further reduced to Cu nanoparticles under
reducing conditions. Kwon et al [66]. electrolytically polished poly-
crystalline copper, subjecting it to anodic corrosion in KCI solution and
generating a layer of CusO on the surface. It is followed by a
pre-reduction process, forming irregular copper nanoparticles with an
approximate diameter of 20 nm. After treating these catalysts with
CO2RR at low overpotentials, a total of nine C; and C3; products were
produced. Lee et al [65]. utilized the chemical affinity between chloride
ions (Cl) and Cu to in situ generate a Cl-induced biphasic Cup0-Cu
(Cup0Cl) catalyst. They realized this by applying cathodic potential for a
CO;, electrolysis system to form various phase structures. Within the
CO2RR range of —0.6 to —1.8 V vs. RHE, C3, products were obtained,
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with an FE of 8.7 % for n-propanol. The XPS and XANES spectrums,
confirmed that Cl acts as a retardant in the reduction of Cu,0 to metallic
copper, and a relatively high ratio of Cu oxidation states (Cu™ and Cu)
favors the adsorption of *CO, resulting in a more stable coverage of
various intermediates on the catalyst surface, preserve the reaction in-
termediates for a longer time on the surface, which facilitate the for-
mation of C3, products (Fig. 8m). Moreover, the anodic halogenation of
electropolished copper, followed by alkali-induced oxide formation, is
conducive to stabilizing the CuzO on the surface and subsurface oxygen
species. Based on this, Palmore et al [112]. observed that copper un-
derwent morphology modification during anodic halogenation and
subsequent oxide formation and reduction processes, resulting in a
catalyst with a high density of defect sites. SEM and EDS analyses of the
morphological and chemical changes clarified that the high-density
defect sites on the surface were from surface reconstruction caused by
the oxide formation and electro-reduction processes (Fig. 8a-1). EDS also
provided evidence that subsurface oxygen at Cu_KCl, Cu_KBr, and Cu_KI
defect sites was produced by the localized high pH values of the elec-
trolyte oxidizing the copper (Fig. 8n-u). These factors promoted the
formation of Cg products, including n-propanol, propionaldehyde, and
allyl alcohol. Moreover, the doping of elements with strong electro-
negativity facilitates electron transfer from Cu to the dopant atoms,
causing changes in the chemical states and electronic structures of the
catalyst [58,113]. Zhang et al [114]. synthesized a copper-based met-
al-organic complex using CuCl; as the metal precursor and triethylamine
(TEA) as the organic ligand, preparing a chlorine-doped catalyst
(R-Cu-C) with orchid leaf-shaped nanoplates through surface recon-
struction under in situ electrochemical conditions, achieving an FE of
17.3 % for n-propanol at —1.05 V vs. RHE. The study shows that Cl ions
not only stabilize the oxidation states of adjacent Cu sites, promoting the
formation of the Cu'/Cu(0) interface structure and maintaining the
stability of the interface during the electrocatalytic process [115,116].
More importantly, these halide ions enhance the adsorption of in-
termediates, effectively reducing the overpotential of the electro-
chemical reduction reaction [117].

3.2. Cu NPs

Due to the high surface area and newly exposed activate sites,
nanoparticles (NPs) catalysts typically exhibit higher activity compared
to bulk surfaces. Furthermore, nanoparticles with good shape and size
control can help understand catalytic activity trends and design efficient
catalysts. Researchers use Cu NPs as a model to improve catalyst activity
in various ways, such as changing the particle size of Cu NP [118,119],
modulating the exposed surface via tuning the morphologies of Cu NPs
[120], reducing CuxO NP to generate Cu NP in situ before catalysis [45],
and increasing the loading amount of Cu NP per unit area [121]. These
enhancements deepen the refinement of Cu NP catalysts, enabling them
to exhibit varying selectivity in the CO2RR.

Yang et al [121]. observed unique structural transformations in Cu
NPs systems during electroreduction, using densely packed Cu NPs to
selectively convert CO5 into multicarbon products. They synthesized Cu
NPs with an average size of 6.7 nm by reducing copper(I) acetate (CuAc)
precursors at high temperatures using tetradecylphosphonic acid as a
surface ligand. The resulting Cu NPs were deposited onto carbon paper
substrates (183%), and as the loading increased to about 45 g, most of
the carbon paper’s surface was covered with densely packed Cu NP.
After electrolysis of this nanoparticle system, the copper nanoparticles
aggregated within the carbon substrate, forming larger cubic particles
mixed with smaller nanoparticles (10-40 nm) (Fig. 9a). This
high-density, tightly packed arrangement of Cu NPs, coupled with a
sufficiently supportive substrate, enabled an FE for n-propanol of 5.9 %
at —0.81 V vs. RHE (Fig. 9b-d). Due to the enriched disorder within the
Cu NPs, the Cu NPs system showed higher selectivity for Cs; products
compared with crystalline copper [115]. To further understand the
evolution mechanism of Cu NPs during CO2RR, Yang et al [118]. utilized
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various in situ testing methods to study the structural behavior, dynamic
potential, and nanograin boundary limits during the CO2RR process.
They employed monodisperse Cu NPs of different diameters (7, 10, and
18 nm) as model catalysts, displaying a comprehensive structural dia-
gram of the life cycle of high-performance copper NPs electrocatalysts
(Fig. 9e), revealing the process of initial aggregation, transformation
into Cu nanocrystals, and final formation of highly polycrystalline
metallic Cu nanocrystals rich in nanoparticle boundaries. This
confirmed that the unique selectivity of the Cu NP system for Cy,
products primarily stems from the abundance of grain boundaries,
supporting high-density, low-coordination active sites. However, when
the Cu NP system is exposed to air, the structure rich in nanograin
boundaries also activates the double bonds of oxygen molecules. This
allows oxygen atoms to dissociate quickly and insert into the Cu lattice,
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rapidly reorganizing into well-defined single-crystal CupO nanocubes.
The formed nanograin boundaries contain a large number of active
unmatched Cu sites, enhancing the product selectivity of Cu NPs.
Therefore, by reducing the size of NPs, clusters, or molecular complexes
to generate dense nanoparticle grain boundaries that support
low-coordination active Cu sites, the product selectivity of Cu NPs can
be enhanced. Based on this view, they demonstrated that 5 nm Cu NPs
(FEn-propanol = 5.68 %, at —0.8 V vs. RHE) have a higher n-propanol
FE and selectivity compared to 7 nm Cu NPs (FE;.propancl = 5.52 %, at
—0.8 V vs. RHE). However, there is still controversy over the active state
of the valence or coordination environment of Cu catalysts under COoRR
conditions [122,123]. Yang and colleagues'>> prepared Cu nano-
particles (Cu NPs) capped with polyvinylpyrrolidone (PVP). In the
absence of a capping agent, the Cu NPs were infiltrated by surface
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Fig. 9. a SEM images of Cu NPs loaded on carbon-paper support at x 1 loading, x 5 loading, and x 22.5 loading. b FEs (%) for C;, Cz, and C; products. ¢ Relative
ratio of the FEs. d Ethylene, ethanol, and n-propanol FE with the dotted line showing the overall C,-C3 FE. Activity measured at —0.81 V vs. RHE, using 0.1 M KHCO3
saturated under 1 atm CO,. Error bars shown in B-D are 1 SD from three independent measurements [115]. Copyright 2020, The National Academies Press. e Scheme
of the life cycle of Cu nanocatalysts and operando EC-STEM studies of dynamic morphological changes [118]. Copyright 2023, Springer Nature.

oxygen, forming crystalline Cuz0/Cu NPs, which facilitated the forma-
tion of n-propanol. Conversely, fully capped Cu NPs displayed high
selectivity for methane, with an FE reaching up to 70 %, and produced
almost no n-propanol. However, Sargent et al [84]. employed a similar
encapsulation strategy, depositing a layer of Cu nanoparticles onto a
polytetrafluoroethylene (PTFE) nanofiber surface via sputter deposition,
followed by a nitrogen-doped carbon (N-C) layer to fabricate N-C/Cu
catalysts. Depending on the nitrogen atomic percentage in the N-C layer,
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catalysts with 26 %, 34 %, and 39 % N-C/Cu were synthesized. The
chemical state of Cu during the CO2RR was studied via operando X-ray
absorption spectroscopy (XAS) at the Cu K-edge, revealing that Cu
remained in the zero-valence state throughout the CO,RR. This indicates
that the selectivity of the N-C/Cu catalysts for n-propanol is associated
with the metallic state of Cu rather than the presence of copper oxides.
Additionally, increasing the nitrogen content in the N-C layer led to
higher FE for n-propanol production, achieving 5.9 % for 26 % N-C/Cu,
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7.7 % for 34 % N-C/Cu, and 8.6 % for 39 % N-C/Cu.

The insufficient surface coverage of *CO and the high activation
barrier for C-C coupling are challenges in achieving more efficient and
higher production of n-propanol from CO2RR [121]. The instability of
*Cy intermediates on the original Cu surface can lead to desorption
rather than further intermolecular reduction with *CO to form Cj3
products [121,124]. Ren'!? et al. pointed out that n-propanol is favored
only when the reactants contain both locally high concentrations of *CO
and CyHy4, coupled with a large catalytic interfacial surface area gener-
ation, whereas CO reduction will only produce EtOH [45]. Cu NPs
exhibit significant selectivity and FE for CoHs, thus many researchers
have achieved high FEs for n-propanol using Cu NPs in CO reduction.
Hinrichsen et al [124]. found that using the same Cu NPs for CO
reduction reaction (CORR), the FE for n-propanol was 28 %, whereas it
was only 4.6 % in COoRR. Therefore, employing a two-step or tandem
method to reduce CO; to CO, and then using the Cu NP system to reduce
CO to n-propanol may be more effective than a direct one-step reduction
[125].

In addition to the size of Cu NPs influencing the selectivity of C3
products, the orientation of crystal facets on Cu NPs has also been
confirmed to affect their selectivity for Cz products. Wu et al [120].
synthesized five distinctly shaped CupO crystal systems (Cu-OD) and
constructed three interfaces: Cu (111)/Cu (111), Cu (111)/Cu (110),
and Cu (110)/Cu (110) (Fig. 10 m). They reported that the Cu (100)/Cu
(111) interface has a more favorable local electronic structure compared
to the Cu (111)/Cu (111) and Cu (110)/Cu (110) interfaces, which
provide more favorable conditions for the production of C3 products.
This finding is supported by the research of Ren and Gratze [39], who
sputtered a CuCl precursor onto a GDL and pre-reduced the surface CuCl
to Cu nanocrystals (CuNCs). Their results showed that the metallic
copper nanocrystals formed from the CuCl precursor had abundant Cu
(100) and Cu(111) facets, which facilitated the production of C3 prod-
ucts such as propylene, n-propanol, and allyl alcohol during the CO,RR
process. The FE for propylene reached a record high of 1.42 % at a
cathodic current density of 21.4 mA/cm? at —0.50 V, demonstrating the
effectiveness of this interface. Their research also showed that after

Next Materials 8 (2025) 100772

16 hours of electrolysis, despite morphological reconstruction of the
catalyst surface, the distribution of Cu(100) and Cu(111) facets
remained almost unchanged (the ratio of Cu(111) to Cu(100) only
decreased from 1.26 before the CO5RR to 1.05 after CO3RR). Therefore,
how to maintain a large area distribution of Cu(100) and Cu(111) on the
catalyst surface and the nearly equal distribution of these two crystal
facets before and after the COoRR might be another important aspect to
consider for producing Cz, products via CO2RR.

Moreover, high-index copper surfaces or kinked surfaces (such as Cu
(711)*26, cu(751)'?%) have been found to exhibit high activity and
selectivity for C-C coupling. Hahn et al [126]. discovered that the highly
kinked Cu(751) surface shows remarkable selectivity and current effi-
ciency for the synthesis of Cz product, indicating that high Miller index
kink sites on copper surfaces may possess unique properties that
enhance the intrinsic activity of the catalyst. Based on this view, Liu
et al. [127], with the aid of chiral molecules, generated Cu(653) chiral
surfaces with chiral kink sites at the atomic level through
electro-deposition of [CuCl4]% and the removal of organic components
(Fig. 10 a-k). The study found that the chiral surfaces limit configura-
tional changes of Cs3, intermediates on the catalyst surface, effectively
lowering the reaction barriers for the electrochemical reduction of COy
to synthesize C3 products. Electrocatalytic CO, reduction studies con-
ducted in NH4HCO3 aqueous solution at potentials ranging from-0.6 to
—1.3 V vs. RHE for 24 hours yielded productions of serine, ethanol, and
formic acid at approximately 3.8 ( £+ 0.6) pmol, 58.6 ( £ 6.5) pmol, and
108.1 (£ 6.5) pmol, respectively, with FE of 1.2 (£ 0.2) %, 22.3
(£ 2.5) %, and 6.8 ( & 0.4) %. The enantiomeric excess (ee%) of serine
reached 94 %, marking the first instance of direct synthesis of amino
acids through electrochemical reduction of CO,. DFT calculations were
employed by researchers to analyze the pathway and mechanism of
serine formation via electrocatalytic CO, reduction (Fig. 10 1). The
calculations indicated that on the chiral surface Cu(653), thermody-
namics favor the formation of 3-hydroxypyruvic acid intermediates and
L-serine, confirming the significant role of chiral surface structures in
shaping serine formation and enantioselectivity.

intertace of (111)(111)

intertace of (100)/(100) sertace of (100)(111

Fig. 10. a-f Morphologies and structures of L-CCFs. a XRD patterns of L-CCFs (red) and ACFs (black). b and ¢ Low- and high-magnification SEM images of L-CCFs.
d and e Low and high-magnification TEM images of L-CCFs. f HAADF-STEM image of L-CCFs. G-k slab surface models of (111), (110), (100), and (653) obtained from
the structural model reconstructed from the STEM image of L-CCFs. 1 DFT calculations for the enantioselective formation of Ser'?” Copyright 2023, Elsevier. m SEM
images and corresponding schematic of five Cu-OD NPs with 3 different interfaces'?® Copyright 2022, American Chemical Society.
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3.3. Cu single-atom catalysts (SACs) & Cu molecular catalysts

3.3.1. Cu SACs

SACs are a special type of supported catalyst where the metal com-
ponents are dispersed as single atoms without coordination between the
metals. SACs can significantly optimize the electronic structure, the
unsaturated coordination environment disperses the metal species into
high-density active atomic centers, which have been proven to have
enhanced activity and adjustable CO, reduction selectivity [128,129].
Metal-organic frameworks (MOFs) and covalent organic frameworks
(COFs) are often used as precursors due to their abundant functional
groups, stable structures, and tunable porosity, which can limit the
growth of aggregates and organize metal distribution within their
crystal structures [130]. Additionally, due to its excellent thermal and
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chemical stability, graphitized carbon nitride (g-C3N4) is used as a
backbone for supporting metal single atoms [131]. These precursors or
backbones are annealed in a nitrogen or argon flow through chemical
vapor deposition (CVD) methods to remove the organic parts and serve
as support frameworks that can fully anchor the metal single atoms.
Since zinc has a relatively low melting point compared to other metals,
zinc-containing MOFs like ZIF-8 are often used as support frameworks to
synthesize copper single atoms.

Currently, researchers widely use nitrogen-doped conductive carbon
with N-chelated Cu sites as the support material, which contains a
mixture of coexisting pyrrolic, pyridinic, porphyrin-like, and graphitic
Cu-N groups [132]. The coordination atoms significantly affect the
geometric and electronic structure of Cu SACs, thereby regulating the
reaction pathways and product distribution of CO, reduction. However,

T e

ethanol

n-propanol

Fig. 11. Schemes of the structures and products for the eCO;RR on a dual Cu-Cu and b Cu-Ni SACs [134]. Copyright 2021, American Chemical Society. ¢ pore
structure stacked by the trinuclear Cu(I) complex via n-n interactions [139]. Copyright 2022, American Chemical Society. d Molecular structures of CuBr-BisM,
CuBr-12B and CuBr-4PP [140]. Copyright 2024, Springer Nature. e The proposed C-C coupling and oxygenation mechanism for producing alcohols on restruc-
tured Hex-2Cu-O. color codes: Cu, orange; C, gray (Hex-2Cu-O), navy (KB) and green (reaction intermediates); O, magenta (Hex-2Cu-O) and red (reaction in-

termediates); H, pink (Hex-2Cu-O) [75]. Copyright 2022, Springer Nature.
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although Cu SACs are widely used to reduce CO5 to C; and C products,
there are few reports on Cs products. Ma et al [133]. used AgsS/Ag
nanowires to provide initial anchoring sites for Cu single-atom catalysts
(Cu/Ag,S/Ag), then formed Cu single-atom catalysts on defective Ag
surfaces through electrochemical treatment, which could produce a
small amount of n-propanol at —1.0 V vs. RHE. Zheng et al. used CuBTC
(H20)'** as a precursor and L-glutamic acid as a nitrogen source to
prepare diatomic copper catalysts, (Fig. 11a,b) finding that Cu-Cu favors
the adsorption of neighboring CO intermediates, producing n-propanol
from —1.1 V vs. RHE to —1.9 V vs. RHE. Although the current yield of C3
product n-propanol is low in the research of Cu single-atom catalysts,
these research results provide hope for future optimization of catalysts
to improve C3 product selectivity.

Chen et al [51]. synthesized Cu-doped ZIF-8 by hydrothermal
method and carbonized the precursor at 1000°C in a nitrogen atmo-
sphere to prepare Cu-SA/NPC. They anchored atomically distributed Cu
on N-doped Cu-SA/NPC and evaluated the electrochemical reduction of
CO5. Cu-SA/NPC reduced CO, to acetic acid, ethanol, and acetone
products at low overpotential, with acetone being the main product,
achieving an FE of 36.7 % and a yield of 336.1 pg/h. Interestingly, when
they carbonized the synthesized precursor in an argon atmosphere to
prepare Cu-SA/NPC (ar) and conducted CO2RR under the same condi-
tions, the maximum FE of acetone dropped to less than 20 %. XPS ob-
servations revealed that although the Cu catalysts formed under the two
atmospheres had similar N contents, their N species were different. The
N coordinated with Cu in the nitrogen atmosphere and formed Cu-pyr-
rolic-Ny; in the argon atmosphere, it formed Cu-pyridinic-N4, DFT cal-
culations indicated that Cu coordinated with pyridinic N
(Cu-pyridinic-N4) had higher activity for acetone formation compared to
Cu coordinated with pyrrolic N (Cu-pyrrolic-Ny). These findings provide
new insights for designing single-atom catalysts for CO2 reduction ex-
periments. By adjusting different annealing atmospheres (such as NHg),
new N-Cu coordination modes can be introduced to increase the selec-
tivity of Cg products.

3.3.2. Cu molecular catalysts

Cu molecular catalysts consist of ligand molecules connected to Cu
ions. Unlike single-metal-atom catalysts, which are typically composed
of nitrogen-doped carbon and coordination polymers, molecular metal
complex catalysts can freely adjust reactivity and selectivity by changing
the ligand design [135]. These catalysts, with well-defined active sites
and specific electronic properties, can change the electronic state of the
central metal by selecting suitable organic ligands, exhibiting high ac-
tivity for CO; reduction [136,137]. It is widely accepted that Cu-based
compounds with di-Cu active sites are beneficial for C-C coupling in
CO2RR, forming Cy, products [138]. Chen et al [139]. constructed a
trinuclear Cu(I) complex consisting of pyrazole-bridged di-Cu(l) sites
and uncoordinated triazole nitrogen atoms (Fig. 11¢), whose synergistic
effect promotes C-C coupling and hydrogenation of key intermediates,
resulting in the highly selective electroreduction of CO3 to Cy products,
with a maximum propanol efficiency of 4 %.

Morikawa et al [140]. introduced n-conjugated substituents into the
catalyst ligands to enhance the molecular catalyst’s ability to adsorb and
retain CO,. They designed a series of multinuclear copper complexes,
named CuBr-BisM, Cu-Br-12B, and CuBr-4PP, with a large number of
electrons and robust active sites using a bromide bridge as the ligand
(Fig. 11d). During CO2RR, the distance between the two bridged Cu-Cu
centers of CuBr-4PP can flexibly change according to the different active
sites, which facilitates attracting reducing species to one Cu side and
accepting the substrate to the other Cu side, thereby promoting C-C
coupling. This efficient design resulted in a propanol FE of 10 % at
—2.2 Vvs. Ag/AgCl, the highest efficiency among current Cu molecular
catalysts. Operando X-ray absorption fine structure (XAFS) analysis
confirmed that the precisely designed structure does not decompose
during the CO; electrolysis process, and the Cu(I) oxidation state is
maintained in the CuBr-4PP complex without change during CO2RR.
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This stability is primarily because the accepted electrons during COoRR
are dispersed into the phenylpyridine and COy-reduction intermediates,
reflecting the high stability of this catalyst. This design of di-Cu mo-
lecular metal complexes, effectively accommodating microenviron-
mental changes during CO,RR, while maintaining its structure and
freely adjusting the electronic state of the reaction center and reaction
environment, promotes C-C coupling. Combining organic copper com-
pounds and inorganic copper ions may represent another direction for
the electrocatalytic selective synthesis of Cg; high-value-added prod-
ucts. Peng et al [75]. designed the catalyst Hex-2Cu-O based on a fluo-
rinated porphyrin structure capable of effectively binding individual
intermediates to form bimetallic copper sites, which subsequently break
down into copper clusters during the COz2RR. The synergistic interaction
between the under-coordinated Cu clusters and adjacent Cu centers
provides a limited space with an additional O-Cu bond, facilitates C-C
coupling and oxidation (Fig. 11e). This leads to the production of
n-propanol, achieving an FE of 18.3 % at —1.2 V vs. RHE.

3.4. Cu-based tandem catalyst

Catalysts composed of metals such as Au, Ag, Pd, Bi and Zn have been
proven to have the selective ability to convert CO5 to C; products during
the CO2RR, while Cu-based catalysts inherently possess the unique
ability for C-C coupling [141]. For heterogeneous catalysis like CO2RR,
the addition of foreign metals can modulate the atomic ensembles of
adsorbate binding, induce lattice strain, and charge transfer, and alter
the d-band center of the host metal, all effectively enhancing catalytic
activity and selectivity [142].

Based on this principle, tandem copper catalysts are particularly
suitable for generating C3 products. These catalysts first produce *CO at
non-copper metal sites such as Au, Ag, and Zn, subsequently, *CO is
transferred to copper-based active sites for C-C coupling to form *C,
intermediates, and finally, *C; and *C; intermediates undergo C-C
coupling to produce multi-carbon products [38,143]. Therefore, using
different catalysts with optimal intermediate binding energies at
respective steps can significantly improve catalytic efficiency and pro-
mote an orderly reaction process. Cu-based tandem catalysts can target
specific metals for reaction with a particular *Cy intermediate, offering
thermodynamic and kinetic advantages over traditional copper cata-
lysts. Furthermore, through the collaborative effort of multiple sites,
Cu-based tandem catalysts exhibit superior FE and current density for
the reduction of CO5 to C3; products.

3.4.1. Bi- or multi-metallic and composites systems

The AgCu bimetallic catalyst demonstrates effective tandem catalysis
by increasing CO coverage and shortening the diffusion path of CO to Cu
through CO spillover [144]. Kim et al [145]. introduced Ag NPs into
Cuz0 NPs via a galvanic replacement reaction, with an Ag content of
10 % (Fig. 12a). During CO2RR, intermediates *CO generated on the Ag
surface migrate to the Cu surface at the Ag-Cu interface in Ag/Cu0, via
diffusion and/or sequential desorption-reabsorptions. This migration
increases the CO coverage on the Cu surface, suppressing the HER by
proton adsorption on the Cu surface and promoting C-C coupling,
leading to the FE of n-propanol with 9.09 % at —0.82V vs. RHE.
Furthermore, Sohn et al [146]. introduced Sb into the AgCu bimetallic
system through a galvanic replacement reaction, forming an Ag-Sb-Cu
mesh electrode. This ternary system, through the synergistic action of
multiple sites, increased the production of Cs, hydrocarbons (such as
CsHg and C3Hg) during CO2RR, with a small amount of C4 products also
being generated, indicating the unique cascade catalytic capability of
multi-site catalysts.

In the reduction of CO to C3 products, the stabilization of *CO and
*Cy intermediates on the catalyst surface is significant for C-C coupling.
It has been proved that introducing a third metal, such as Fe or Ru, can
increase the retention time of *CO intermediates [147]. Sargent et al
[41]. synthesized Ag-Ru-Cu catalysts by inserting Ru into AgCu



Y. Yang et al.

Next Materials 8 (2025) 100772

a

\
Ag decorated Cu,0 \
\

=>
*CO,-assisted
CuAg alloy formation %

& Carbon dioxide

Anodization
+

Annealing

=

Ay

-

@ NR1-9- NR2) = P 59 9 NRi
? —9-NR3 9 NR4 » 100 99 o5 Ay O NR2
9 Cu fim - @ 9-NR3
0? 5P 2 9 NR4
» » 3 9 Cufim
2
E) 2 2 e
9 ° b3 19x 9
9 9 S increase v
o~
° & g
{ ".3 * § e
el ° a 104 2 9o
9 S
w
9 (e} 9 °
=4
04 05 06 -07 08 ey
Potential (V vs RHE) 04 05 -06 -07 -08

Potential (V vs RHE)

vl ey
‘(,(/ \'(J/("(J“
<§ /4

{
4
I8
b -
4

]

Bi deposition

-
4
4

CuO NWs with
TiO, protection
~ layer

Bi/Cu,0 NWs
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bimetallics via a galvanic-replacement approach. Co-doping of Ag and
Ru in Cu induces *CO adsorption near C;-C; and C;-Cy coupling sites,
increasing CO coverage on the catalyst surface, and promoting multiple
C-C couplings. Due to the high adsorption energy of the key *Cj inter-
mediate for C;-Cp coupling on Ag-Ru-Cu, the desorption of *C, in-
termediates from the Ag-Ru-Cu surface is reduced, thereby increasing
the residence time of *C, intermediates needed for C3 production, which
dramatically improve the FE of C3. products.

However, although the galvanic-replacement approach effectively
introduces metals onto copper, it has limitations such as structural
heterogeneity and poor crystal plane selectivity, making it challenging
to achieve consistent control over the nanoparticle surface, thus
affecting overall catalytic performance. Qi et al [47]. proposed a su-
persaturation strategy to synthesize CuAg alloy catalysts. By maintain-
ing CO, concentration above the saturation limit and using a strong
bicarbonate electrolyte to suppress the galvanic replacement reaction on
the copper surface, they promoted the co-deposition of Ag and Cu to
form a CuAg alloy (Fig. 12b), preferentially growing active CuAg (100)
facets. This strategy promoted dendritic directional growth of the CuAg
alloy, increasing the catalyst’s ECSA, while dispersed Ag atoms weak-
ened intermediate alkyl chain binding, enhanced C-O bond strength, and
facilitated 2-propanol formation. The FE of 2-propanol was 56.7 % at a
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potential of —0.7 V vs. RHE, with a current density of 59.3 mA cm™2
over 200 hours. Ye et al [148]. synthesized a series of Au/Cu alloy
nanorod (NR) catalysts with tunable surface compositions by adjusting
the size of Au seeds (Fig. 12¢), finding that the coverage of *C; and *Cy
intermediates during CO2RR depended on the dispersion and concen-
tration of surface Au dopants. The NRy (2410, Au DMA) catalyst achieved
a high FEp propanol of 18.2 & 0.3 % at a low overpotential of —0.41 V vs.
RHE, with a partial current density for n-propanol of 16.6 mA cmgez0
(Fig. 12d-f). The high properties of these catalysis indicated that care-
fully controlling the concentration and distribution of minor metals is
crucial for elucidating the structure-composition-property relationships
and achieving excellent catalytic performance [148].

Moreover, the compressive strain induced by the lattice distortion in
the alloy changes the position of the d-band center and modulates the
interaction with the intermediates [149]. In CuZn alloys, the presence of
Zn not only affects the electronic structure of the Cu sites but also de-
sorbs poorly adsorbed CO on the Zn sites and increases the amount of
stray CO on the Cu sites [150]. For instance, Roy et al [49]. synthesized
the nano-alloy catalyst Cug gsZng 15/C based on CuZn-BTC (1,3,5-ben-
zene tricarboxylic acid) MOF. On the surface of the catalyst
Cug g5Zng 15/C, the desorbed CO could diffuse and spill over to the Cu
sites for the "CO insertion process" to form * -COCHO species, which is
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favorable for acetone production, and FEacetone reached 38.1 % at
—0.4 V vs. RHE. Kaya et al [48]. obtained a Cu-ZnO interface through a
thermal oxidation method which still can produce acetone after 7 hours
test. Interestingly, when applying potential at —1.7 V vs. RHE, signifi-
cant formation of n-propanol and methanol was observed after one hour,
with FEs of 23.36 % and 69.54 %, respectively. This might be due to the
Cu0-ZnO (Cu* reduction to Cu) on the catalyst surface [151]. However,
as the duration of electroreduction increased, the catalyst was reduced
to Cu/ZnO, and the products gradually shifted to methanol, 2-propanol,
and acetone. The FE for 2-propanol and acetone reached 33.65 % and
30.13 %, respectively. This shift may be caused by changes in the
complex microenvironment during the electroreduction process,
providing different C; and Cp intermediates that couple at lower energy
barriers, and the changes in the active sites of the metal structure during
the reduction reaction. FESEM revealed that after 7 hours of CO5RR, the
Cu-ZnO interface exhibited that localized ZnO nanoflowers formed from
Zn(OH), precipitation. The formation of these nanoflowers involves
electron and proton transfer, inducing a localized pH near the surface of
the electrode, which facilitates the coupling of *Cy-*C; in favor of the
formation of the C3 product. Oxygen vacancies may be generated in the
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ZnO nanoflowers here, as reported by Geng et al. [152], the presence of
oxygen vacancies increases the charge density of ZnO near the valence
band, resulting in a highly stable adsorption configuration and stronger
C=O0 bond activation, accelerating the CO insertion process and pro-
moting acetone production. Azenha et al [153]. discovered that a series
of Bi-loaded CuBi catalysts showed the presence of oxygen vacancies in
Bi, enhancing CO; binding affinity and promoting propane formation
(Fig. 12g). The FE for propane reached 85.4 % at a total current density
of —45 mA/cm? However, the mechanism of propane formation on
Cu-based materials requires further investigation.

3.4.2. Two-step tandem catalytic system

The direct electrochemical reduction of CO to a single C3, product
faces challenges in selectivity and CO; conversion rates, particularly for
large scale application, but these limitations in energy efficiency and
current density can be addressed by designing multiple tandem devices
to achieve the required industrial performance [70]. Romero Cuellar et
al [154]. designed an integrated tandem cell system for CO>RR,
employing two-step electrolysis to produce multi-carbon products
(Fig. 13a). Humidified CO; is supplied to the first electrochemical cell,

Tandem system

CO, electrolyzer

C M, dimerization
= MEA coll Contiruous-samed single oull reactor
*  Gas humidfied CO, +  Gas: unpunified C M, (tandem system)
* Cathode: CuNPs on CuPTFE  « Gas: CM, gas (99% of punty). prstine
*  Anode rO/Ti aimenzation
*  Electrolyte: KHCO, +  Solvent: toluene (99.99% purty)
*  Membrane: AEM «  Catalyst: 28eng of dried MOFs
«  Activator: 1mL of ELAC
e g by bucka, .« 26°C.1atm
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Fig. 13. a Schematic illustration of the tandem cell system for CO2RR [154]. Copyright 2020, Elsevier. b Scheme of two-step tandem system CO, electrochemical
reduction selective to n-propanol. Reproduce with permission'2> Copyright 2022, Welly. ¢ Illustration of the tandem system with two low-temperature electrolytic
cells [71]. Copyright 2023, Springer Nature. d Schematic EC-TC cascade concept and efficiency definitions [159]. Copyright 2023, Springer Nature. e Schematic
illustration showing the coupling between the upstream MEA reactor and the downstream hydroformylation reactor. Reproduce with permission'®' Copyright 2024,
Wiley. f Schematic illustration of the tandem system, reactor, and operation of MEA-based CO, electrolyzer and continuously stirred single-cell reactor [160].

Copyright 2024, American Chemical Society.
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while the electrolyte is delivered from a reservoir containing 1 M KHCO3
to both the cathode and the anode. The outlet of the first step is placed in
an absorption column filled with 5 M NaOH, where unreacted CO; is
separated from the produced CO and Hj. The gaseous products output
from the absorption column are directed to a second electrolytic cell,
operated with separated electrolytes at a flow rate of 100 ML min". In
the second step, CO is mainly converted to ethylene in the gas phase, and
ethanol, acetate, and n-propanol in the liquid phase. The cumulative FE
of multi-carbon products reached 62 % at a total current density of
—300 mA/cm?, which is 30 % higher than that of single-step electrolysis
at the same current density. The main challenge in this process lies in the
CO;, losses between the first and second steps. High current densities
result in high local alkalinity [155], as the formation of each carbon
monoxide molecule produces two hydroxide ions. OH ions react with
CO,, to form carbonates. Under high alkalinity conditions, CO% becomes
the dominant species, leading to the overall reaction: 2CO; + 2e” = CO
+ CO%. Thus, a total of 2 moles of CO5, are required to produce 1 mol of
CO. However, it is noteworthy that the CO,-CO reaction in the first step
occurs in a non-alkaline electrolyte, and the CO-Cy, reaction in the
second step occurs in an alkaline environment, largely avoiding the is-
sues of CO; loss and significant KOH consumption. Furthermore, the
catalysts used in both cells of this system are common Ag and Cu
nanoparticles, and there is room for improvement in overall catalytic
performance and selectivity for Cs; products. Tang et al [125].
improved this tandem cell by developing a two-step tandem catalytic
system more targeted at n-propanol production (Fig. 13b). In the first
step, 3D Ni-SAG is used for CO; conversion to CO, achieving stable CO
production with a Faradaic efficiency of 95.9 % at a current density of
140 mA cm 2. Similar to Romero Cuellar et al.’s design [154], they
placed a purifier containing 5 M NaOH solution between the two flow
cells to remove unreacted CO.. In the second step, a Cu™/Cu system is
used, selecting hollow CuyO nanoparticles as the catalyst for CO con-
version to n-propanol. The partial current density for n-propanol
reached 11.9 mA cm 2, and the FE for n-propanol was 15.9 %, with a
corresponding half-cell power conversion efficiency of 19.3 %. Strasser
et al. [71], considering CO5 losses in the electrochemical process,
designed, assembled, and analyzed the first tandem electrolytic cell
system for efficient electrochemical CO; reduction to C,. products (such
as ethylene, ethanol, and n-propanol) under fully low-temperature,
neutral pH conditions (Fig. 13¢). This tandem system design consists
of two low-temperature electrolytic cells in series, allowing for the
conversion of CO; to a mixed CO,/CO stream in electrolytic cell 1, fol-
lowed by the catalytic conversion of the mixed CO2/CO stream to Cy.
products in electrolytic cell 2. This tandem cell system, designed from an
energy requirements perspective, further accelerates the industrial
implementation of electrochemical CO, conversion to Cz products.
Electrochemically reducing CO» to a mixture of ethylene, CO, and
H,, followed by thermocatalytic hydroformylation (EC-TC), is also an
effective method for obtaining Cs, products through a tandem system.
Currently, significant improvements have been made in the Faradaic
efficiency and selectivity of electrochemical CO, reduction to ethylene
[156,157]. The EC-TC method produces CoHy, CO, and Hj in the first
step, which further used as feedstocks for the second step of thermoca-
talytic hydroformylation, favoring the production of a single desired
species [158]. Sargent et al. [159], combined electrochemical and
thermochemical reactors, proposed a cascade C;-Cy-C4 system capable
of selectively producing C4H;p under mild environmental conditions
(Fig. 13d). They upgraded the exhaust stream from the CO; or CO
electrolytic cell using Ni-NiO-SiO, as the catalyst in the CoH4 dimer-
ization reactor without purification, achieving an overall two-stage
CO-to-C4H1o cascade selectivity of 43 %. Furthermore, they applied
Ru2(OACc)4Ni(CN)4 MOF with dual metal catalytic sites as in the second
step thermocatalytic reaction, selectively producing 1-C4Hg. When the
entire system operated at a constant current density of 156 mA cm ™2,
the tandem system maintained a production rate of 1-C4Hg at 1.3 mol
g;alt h~! over 10 hours (Fig. 13f) [160]. Li et al. [161], using Cu(OH),
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nanowires as a precatalyst, electrochemically converted COy/H0 to
CoHy, CO, and H; in a zero-gap membrane electrode assembly (MEA)
reactor (Fig. 13e). Followed by feeding the produced gases into a
hydroformylation reactor to further convert to propionaldehyde under
mild temperatures and near-atmospheric pressure conditions using an
optimized Rh-DPPB catalyst. By coupling the upstream CO5 electro-
reduction and downstream hydroformylation reactions, the selectivity
for propionaldehyde reached ~38 %, with a total C3 oxygenate selec-
tivity of 44 %. These values represent an improvement of over 7 times
compared to the best standalone electrochemical systems and more than
2 times compared to other mixed systems.

3.4.3. Performance comparison between Cu-based tandem system and
single Cu system

To further demonstrate the advantages of tandem catalysts over
single Cu-based systems, we present a comparative summary in Table 1,
which compiles data on the Faradaic efficiency (FE) of Cz, product
formation from both single Cu catalysts and Cu-based tandem catalysts.
The data reveal a clear performance gap: most single Cu catalysts exhibit
Cs product FEs below 10 %, while tandem catalysts typically reach FEs
above 30 %, with the highest reported values exceeding 85.4 %. These
improvements are attributed to enhanced *CO coverage, improved in-
termediate retention, and more favorable environments for C-C coupling
in tandem architectures.

In addition, we summarize several representative two-step Cu-based
tandem systems in Table 2, including both electro-
chemical-electrochemical and electrochemical-thermochemical con-
figurations. These systems not only improve product selectivity and
carbon chain length but also significantly enhance reactant utilization.
For instance, the tandem setups in Table 2 achieve up to 7-fold increases
in overall selectivity or conversion efficiency compared to the best
standalone systems. They also enable process segmentation: the first
stage can operate in neutral media to minimize CO2 loss, while the
second stage uses alkaline conditions to optimize C-C coupling. This
design flexibility is crucial for overcoming the trade-offs inherent in
single-cell systems.

These comparisons strongly indicate that both material-level tandem
catalysts and system-level tandem configurations are highly effective in
boosting C3, product selectivity and efficiency, providing a compelling
strategy for advancing scalable CO5 electro-reduction technologies.

4. Non-Cu-based materials for CO2RR to C3 products

Due to the effective binding with CO* , Cu-based catalysts are widely
used for Cy- products. However, the lack of selectivity control over Cy,
Co, and Cs; products results in the production of multiple by-products,
which reduces the energy conversion efficiency for the single Cs.
product. In addition to Cu and Cu-based materials, transition-metal
phosphides, chalcogenides, and free-metal catalysts have demon-
strated exceptional performance in selectively producing Cs products
during CO2RR.

4.1. Ni-based materials for CO2RR to Cs. products

Since Bocarsly et al [162]. first reported that NizAl thin films on
glassy carbon can produce Cg products from CO9, non-copper, nickel--
based heterogeneous electrocatalysts have attracted significant atten-
tion for CO5 reduction to C3, products. Unlike Cu-based catalysts, which
generate *CO intermediates on the catalyst surface and proceed with C-C
coupling reactions, Ni-based catalysts (typically Ni,P) rely on HCOO* as
the key intermediate and follow a completely different pathway to
achieve C-C coupling and the formation of multi-carbon products [163].
On Ni-based catalysts, HCOO* undergoes further transformation into
H2CO* via proton-coupled electron transfer (PCET). Subsequently,
H,CO* undergoes  self-condensation (C-C coupling) to form
multi-carbon intermediates, such as methyl glyoxal and 2,3-furandiol
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Table 1
Summary of performance of Cu-based catalysts for COoRR to C3, products.
Catalyst type Catalyst Cell type Electrolyte Cs, product Cs., current Potential FE Refs.
density (V vs. %
(mA cm™?) RHE)
CuOD-Cu/ Chemical Oxidation F -Cu Flow cell 0.75 M KOH 1-propanol 32 —0.60 6.4 44
CuOD-Cu H-cell 0.1 M KHCO3 1-propanol 4.5 —0.94 ~17.9 %
CuOD-Cu Flow cell 0.1 M KHCO3 1-propanol 8.51 -1.14 6.96 46
Cu,0 HNC Flow cell 3.0 M KOH 1-propanol 58.41 -1.68 8.21 59
CuyO-derived Cu H-cell 0.1 M KHCO3 1-propanol 1.7 —-0.83 4.3 60
CuO-derived Cu Flow cell 1.0 M KOH 1-butanol 0.08 —0.48 0.056 67
1-propanol 18.5 —0.58 6.5
b-Cu,0/Cu Flow cell 1.0 M KOH 1-propanol 101.6 -1.10 12.1 79
b-Cuy0/Cu H-cell 0.1 M KHCO3 1-propanol 6.8 —1.40 16.2 79
CuS,-DSV Flow cell 1.0 M KOH 1-propanol 9.9 -0.85 3.8 80
CuS,-DSV H-cell 0.1 M KHCO3 1-propanol 3.1 -1.05 15.4 80
Cu-Cul Flow cell 1.0 M KOH 1-propanol 62.1 —1.00 ~6.9 85
K-F-Cu-CO, Flow cell 1.0 M KOH 1-propanol ~31.2 —0.53 ~4.7 86
Cu-BDD H-cell 0.5 M KCl acetone / -0.39 7.0 87
Cu-B H-cell 0.1 M KHCO3 1-propanol 0.58 -1.15 7.1 88
Cu-P H-cell 0.1 M KHCO3 1-propanol 0.41 -1.15 5.1 88
CuOD-Cu/thermal annealing Activated Cu mesh H-cell 0.5 M KHCO3 1-propanol 1.3 —0.90 13.1 61
propylene / <2
Electrodeposited Cu H-cell 0.5 M KHCO3 1-propanol 1.72 —0.87 8.21 o4
foam
CuOD-Cu/oxygen plasma exposure &  Plasma-Activated Cu H-cell 0.1 M KHCO3 1-propanol 0.11 —1.00 ~7.2 63
halogen anion treatment nanocube
CuyOq H-cell 0.1 M KCl 1-propanol / —-1.60 8.7 65
propylene 0.9
propane 1
1-butane 0.9
Cu-KF Flow cell 0.1 M KHCO3 1-propanol / —1.00 3.1 66
Ar10 min-Plasma Cu Flow cell 0.1 M CsHCO4 1-propanol ~0.2 —-1.00 ~6.0 105
ON-CuO H-cell 0.1 M KHCO3 1-propanol / -1.10 5.9 9%
Pulsed-Cu(100) H-cell 0.1 M KHCO3 1-propanol / —~1.00 5.5 107
Cu_KCl H-cell 0.1 M KCl 1-propanol / —1.40 8.6 112
Cu_KBr H-cell 0.1 M KBr 1-propanol / ~1.50 6.3 12
Cu_KI H-cell 0.1 MKI 1-propanol / —1.40 8.8 112
R-Cu-c H-cell 0.1 M KHCO3 1-propanol 8.1 -1.05 17.2 14
Cu 34 %N-C/Cu Flow cell 1 M KOH 1-propanol / —0.68 ~7.7 84
NPs 5nm Cu NP H-cell 0.1 M KHCO3 Mainly 1- / -0.80 ~5.68 118
propanol
Agglomerated Cu NPs H-cell 0.1 M KHCO3 1-propanol 1.7 —0.95 8.8 119
Cu NPs H-cell 0.1 M KHCO3 1-propanol 0.8 -0.81 5.9 121
Cu NPs Flow cell 1 M KHCO3 1-propanol / —-0.97 4.6 124
CuCl-derived Cu Flow cell 1 MKOH+ 0.2M  propylene 273.7 —0.60 1.5 39
nanocubes Csl
Cu SACs & Cu molecular Cu-SA/NPC Flow cell 0.1 M KHCO3 acetone / —0.36 36.7 51
Cu/Ag,S/Ag Flow cell 0.1 M KHCO3 1-propanol / —1.40 ~4.0 133
Hex—2Cu-O H-cell 0.1 M KHCO3 1-propanol 1.9 -1.10 18.2 75
CuBtz H-cell 0.1 M KHCO3 1-propanol / -1.30 4 139
CuBr—4PP H-cell 0.5 M KHCO3 1-propanol / -1.59 ~10 140
Cu-Based Tandem Catalyst CO,—10-CugsAge” High-pressure 1.0 M CsHCOg3 2-propanol 59.3 —0.70 56.7 47
electrolyzer
CO5—10-CugsAgs H-cell 1.0 M CsHCO3 2-propanol 12.0 -0.73 39.6 47
Cu-ZnO 7Zhrs H-cell 0.1 M KHCO3 2-propanol / -1.09 33.65 8
acetone 30.13
Cu-ZnO 1 hr H-cell 0.1 M KHCO3 1-propanol / —-1.09 23.36 48
Cu-TO 3hrs H-cell 0.1 M KHCO3 1-propanol / -1.09 5.05 8
Cug.95Z10,05/C H-cell 0.1 M NaHCO3 acetone / —0.40 12.3 49
Cg.03Zng,07/C H-cell 0.1 M NaHCO3 acetone / —0.40 19.0 49
Cug.gsZng 15/C H-cell 0.1 M NaHCO3 acetone / —0.40 38.1 49
10 Ag/Cuy0 H-cell 0.5 M KHCO3 1-propanol 1.7 —0.82 9.09 145
Ag1Sbso/Cu H-cell 0.1 M KHCO3 mainly 1- / -1.19 ~11.0 4
propanol
Au/Cu NR (NR2) Flow cell 1M KOH 1-propanol 12.5 —0.41 18.2 148
Bi/Cu,0 #50 C Flow cell 0.1 M KHCO3 propane 38.4 -1.19 85.4 153
Bi/Cuy0 #5 C Flow cell 0.1 M KHCO3 propane 29.1 -1.19 64.6 153

3 Under the pressure of 10 bar

[164].

Han et al [165]. further extended the scope of nickel-based catalysis
by exploring molecular nickel thiolate complexes for CO, reduction.
They reported a series of nickel thiolate complexes that exhibited un-
precedented electrocatalytic activity in reducing CO2 to C3 products in
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aqueous KHCOj3 electrolyte. Among these, Ni(mp), (mp = 2-mercapto-
phenolate) showed remarkable activity, achieving FE 8.2 % for Cs
products at —1.0 V vs. RHE. Notably, the addition of CO significantly
enhanced the total FEc;.c3 products to 41.1 %, suggesting that a key
Ni-CO intermediate is involved in the catalytic process. Spectroscopic



Y. Yang et al. Next Materials 8 (2025) 100772
Table 2
Summary of Two-Step Tandem Catalytic System for CO5RR to C3, Products.
System Catalysts Main Products Current density Main Product Selectivity (FE) Performance Improvement vs. Single Ref.
Type System
EC-EC Step 1: Ag; Acetate, n- Total: —300 mA/ FE(Cz; products) = 62 % Approx. 30 % higher than single-step 154
Tandem Step 2: Cu nanoparticles propanol cm?
EC-EC Step 1: 3D Ni-SAG; Step 2: n-propanol Step 1: 140 mA/ FE(n-propanol)= 15.9 % Half-cell PCE = 19.3 % 125
Tandem Hollow Cu,0 nanoparticles cm?
EC-EC Step 1:Ni-N-C; n-propanol Low-temperature, Single pass carbon efficiency: 2 times better than single system 71
Tandem Step 2: commercial Cu neutral pH 30-35 %
nanoparticles
EC-TC Step 1: Cu nanoparticles; C4Hi0 100 mA/cm? Product yield: 94 %, selectivity: No gas purification needed; high 159
Tandem Step 2: Ni-NiO-SiO, for CoHy 43 %; selectivity
dimerization single-pass conversion: 16.5 %
EC-TC Step 1: Cu nanoparticles; 1-butene (1-C4Hg)  Total: 156 mA/cm?®  Production rate= 1.3 mol/g/cat/h Stable for 10 hours 160
Tandem Step 2: Rup(OAc)4Ni(CN)4
MOF
EC-TC Step 1: Cu(OH); nanowires; Propionaldehyde Zero-gap MEA Selectivity: ~38 % 7 times better than best standalone EC; ~ '©!
Tandem Step 2: Rh-DPPB catalyst reactor (propionaldehyde), ~44 % (Cs 2 times better than other mixed

oxygenates) systems

studies confirmed that the nickel thiolate complexes remained intact
during CO; reduction, providing further evidence of their stability and
reusability. Dismukes et al [164]. synthesized five nickel phosphides
(NixP) and found that the selectivity and activity of these catalysts for
Cs; products in CO2RR significantly improve with increasing phos-
phorus content. NiP5 achieved a remarkable 71 % FE for 2,3-furandiol at
an overpotential of only 10 mV while completely suppressing the HER.
Furthermore, on the potential of —0.1 V vs. RHE, NiP; also exhibited
84 % selectivity for methylglyoxal. This exceptional catalytic perfor-
mance is attributed to the unique mechanism of nickel phosphides,
which stabilize oxygen-bound intermediates such as HCOO* and
HoCO*, facilitating aldehyde self-condensation and efficient C—C
coupling. Furthermore, Yeo et al [52]. enhanced the understanding of
CO2RR to C3; products by synthesized Ni3(PO4),-derived Ni® catalyst,
which exhibited the ability to produce Cz to C¢ hydrocarbons under
ambient conditions, achieving a total FE for carbonaceous products of
approximately 30 %, with a notable 6.5 % FE for C3 to C¢ hydrocarbons
at —1.2 'V vs. RHE. This advancement is attributed to the presence of
polarized Ni% sites stabilized by Ni-O bonds, which drive a
Fischer-Tropsch-like pathway, enabling efficient C-C bond formation
and subsequent hydrocarbon chain growth. These pathways bypass the
CO intermediate commonly observed on copper-based catalysts, relying
instead on hydride transfer, oxophilic binding and polarization to ach-
ieve high selectivity and energy efficiency under mild conditions.
Complementing these experimental studies, Rappe et al [163]. through
DFT calculations provided theoretical insights into the formation of
multi-carbon products. They highlighted that the strong hydrogen af-
finity of the NioP surface and surface reconstruction triggered by
hydrogen adsorption play crucial roles. This hydrogen affinity provides
a sufficient hydrogen source for the reduction and hydrogenation of
intermediates (e.g., HCOO* and H,CO¥), while surface reconstruction
creates favorable thermodynamic conditions for C—C coupling
reactions.

These combined findings underline the unique advantages of nickel-
based catalysts in CO2RR and provide a foundation for further studies.
To validate and refine these hypotheses, future research involving
advanced techniques such as in situ Raman spectroscopy and in situ
electron microscopy is essential.

4.2. Mo-based materials for CO2RR to C3 products

Mo-based heterogeneous electrocatalysts have garnered consider-
able attention for the eCO2RR to C3; products due to their unique
electronic structures, natural abundance, and strong ability to stabilize
critical reaction intermediates [166,167]. Recent findings [168] indi-
cate that rather than traditionally assumed edge sites, defect sites (such
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as S-vacancies in MoS; and P-vacancies in MogP) located on the catalyst
terraces may serve as crucial active centers. At these vacancies, the re-
action pathway diverges from conventional *CO intermediates and can
proceed via *OCHO and subsequent C; intermediates (e.g., *“HCHO),
which undergo condensation reactions to yield multi-carbon species.
Notably, Francis et al [169]. demonstrated that single-crystal MoS,
terraces can achieve FE of 2-5 % for producing 1-propanol at moderate
overpotentials (-0.59 V vs. RHE), however, this process may be accom-
panied by partial de-sulfidation of MoS,. Building upon these advances,
Asadi et al [53]. further expanded the potential of Mo-based catalysts by
combining imidazolium-functionalized MosP (ImF-Mo3P) nanoparticles
with an anion-exchange ionomer in alkaline electrolytes to mitigate the
issue of de-sulfidation. Under relatively mild overpotentials (-0.2 to
—1.0 V vs. RHE), this system consistently produced hydrocarbons,
achieving an impressive 91 % FE for propane at —0.8 V vs. RHE, with a
partial current density josug of —361 mA/cm?. Electron energy loss
spectroscopy (EELS) and in situ Raman spectroscopy revealed that the
anion-exchange ionomer forms a coating layer on the ImF-MogP surface,
regulating surface charge distribution and the local environment
through ion exchange with the electrolyte. This regulation enhances CO,
adsorption and activation via hydrogen bonding and localized electric
fields, lowering CO4 adsorption energies, stabilizing CO intermediates,
and ultimately promoting C-C-C trimerization. As a result, the catalyst
preferentially forms C3 products instead of simpler C; or Cy products.
Moreover, strategies such as surface reconstruction, doping, and
ligand engineering can further mitigate the competing HER, thereby
directing Mo-based catalysts toward the selective formation of C3 and
higher-carbon products. These combined experimental and theoretical
advances highlight the remarkable potential of Mo-based catalysts to
achieve the reduction of CO; to C3, products. In the future, integrating
advanced in situ characterization techniques with machine learning
approaches may help validate and refine these hypotheses, providing
deeper insights into active sites, intermediates, and reaction mecha-
nisms. Such understanding will guide the rational design of Mo-based
electrocatalysts capable of efficiently converting CO5 into Cg products.

4.3. Performance comparison and complementarity with Cu-based
catalysts

While Cu-based catalysts are known for their unique ability to
catalyze *CO-CO and *CO-C; coupling to generate Cy, and Csz, prod-
ucts, their limited selectivity and susceptibility to competing side re-
actions (e.g., HER and CH4 formation) remain challenges. In contrast,
recent progress in non-Cu-based catalysts, such as Ni- and Mo-based
systems, has demonstrated promising selectivity for Cs, products
through alternative pathways involving *HCOO and *HyCO
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intermediates.

To better illustrate the advantages and limitations of both categories,
we summarize their performance in Table 3. Non-Cu-based catalysts
show high variability in C3, product FE, ranging from as low as 2 % to as
high as 91 %, depending on the catalyst structure and reaction pathway.
In contrast, Cu-based catalysts typically achieve Cs, FEs between 5 %
and 40 %. Notably, the highest Cs; FE of 91 % was achieved by a non-
Cu-based catalyst (ImF-MosP) operating at a high current density of
—361 mA/cm?, whereas the best-performing Cu-based tandem catalyst
reached 85.4 % FE at a much lower current density of —38.4 mA/cm?2.
This indicates that certain non-Cu catalysts not only exhibit competitive
selectivity but also maintain high activity under industrially relevant
conditions. Furthermore, non-Cu catalysts demonstrate superior elec-
trochemical stability in alkaline environments, which are often neces-
sary to suppress competing reactions and enhance reaction kinetics.
These advantages-high FE at high current densities, low cost, and better
durability-suggest that non-Cu-based systems may hold greater promise
for practical and scalable CO»-to-C3; conversion in future industrial
applications.

Mechanistically, Ni-based catalysts such as NiPy and Nig(PO4); sta-
bilize oxygen-bound intermediates (e.g., *HCOO, *H,CO) and enable
aldehyde condensation to form Cz oxygenates. Similarly, Mo-based
systems like MosP and MoS; defect sites promote *HCHO trimeriza-
tion or *CO-CH-CO formation via C; intermediates. These pathways
bypass traditional *CO dimerization and offer a complementary mech-
anism to that of Cu. Despite some researchers have discovered some
mechanism for non-Cu catalysts, a unified mechanistic understanding of
Cs; product formation on non-Cu catalysts is still lacking, especially for
C3-Cg hydrocarbons. Continued efforts using in situ characterization (e.
g., operando Raman, XAS) and DFT-guided screening are essential to
uncover the true nature of active sites and rate-determining steps.

Overall, Cu- and non-Cu-based systems offer complementary path-
ways toward Cs, products, and their combination in tandem or hybrid
configurations may yield synergetic improvements in both selectivity
and energy efficiency.

5. Machine learning for CO2RR to C3; products

Compared with C; or Cy products, generating Cs, products from CO,
are substantially more complex in electrocatalysis. Forming long-chain
hydrocarbons and oxygenates typically requires overcoming higher
energy barriers, navigating more intricate reaction pathways, and
meticulously tuning active sites to enable the critical C-C coupling steps
[38]. Traditional approaches-whether theoretical methods like DFT or
experimental (high-throughput screening)-often fall short of fully
exploring and optimizing these highly complex processes due to the
trade-off between limited computational resources and the vast number
of potential catalysts [170]. Consequently, the integration of artificial
intelligence (AI), machine learning (ML), and high-throughput algo-
rithms has emerged as a transformative strategy, accelerating the dis-
covery of efficient and highly selective catalysts toward a new paradigm
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in CO5 conversion research.

Al-driven approaches, particularly those involving ML, present
compelling solutions due to their exceptional learning and predictive
capabilities, allowing for rapid screening of vast catalyst libraries with
significantly lower experimental and computational costs. Through
combining ML with the DFT approach, significant progress has been
made to accelerate DFT calculations, effectively reducing computational
loads and making subsequent experimental designs more targeted
[171]. For instance, Yan et al [172]. have combined DFT data with ML
regression models to estimate formation energies with reduced
computational expense, facilitating rapid screening of bimetallic elec-
trocatalysts. Neural networks have further advanced the analysis of
complex processes, such as reaction kinetics and the exploration of
disordered structures in intermetallic compounds while trivial methods
still rely heavily on expert intuition for unleashing novel catalysts. Many
current approaches focus exclusively on DFT-based surface-layer prop-
erties (e.g., d-band centers) without differentiating between distinct
types of surface sites, as shown in (Fig. 14). On the contrary, the neural
network with an ML approach, can not only generate vast space of
catalytic surface structures but also automate the screening of potential
sites, selectivity, and catalytic descriptors with pre-trained data at
reduced computational cost.

In the training set and learning approach, ML can generally be
classified into supervised and unsupervised paradigms. Supervised
learning leverages large-scale, structured datasets to train neural net-
works that map feature vectors to known ground-truth labels. In
contrast, unsupervised learning identifies hidden patterns in unlabeled
and unordered datasets. Given that CORR research often relies on
labeled datasets where catalytic descriptors, e.g., adsorption energies,
the binding energy of reaction intermediates, and reaction selectivity,
are derived from DFT calculations of known datasets, resulting in quite
an accurate predictive model, making supervised learning the dominant
approach in the field [174]. By pre-providing ample paired input-output
data, researchers can train models using advanced frameworks such as
graph neural networks (GNNs), transformers, multi-task mixture density
models, or diffusion models to capture highly nonlinear and complex
reaction dynamics [175]. Once trained, these models demonstrate
exceptional predictive accuracy for new inputs, as validated by
numerous benchmark evaluations, as demonstrated in (Fig. 15).

This combined DFT-ML approach supported by data-driven analyses,
holds tremendous potential for systematically screening and deter-
mining catalytic surface configurations, predicting CO2RR selectivity
and products, optimizing and lowering reaction energy barriers, and
ultimately unlocking novel catalyst designs for COoRR. For example,
Sargent and colleagues'’® innovatively combined ML and DFT within a
high-throughput screening framework to accelerate the discovery of
electrocatalysts for CO,RR. They screened 244 copper-containing
intermetallic compounds from the Materials Project database, encom-
passing 12229 surfaces and 228969 adsorption sites. A subset of CO
adsorption energy (AEco) data derived from DFT calculations was used
to train an ML model, enabling efficient predictions across all sites. By

Table 3
Performance summary of Non-Cu-Based Catalysts for C3, Products.
Catalyst Main Product Faradaic Efficiency (FE) Potential Partial current density (mA/ Ref.
sz)
Ni3Al thin film Cs products N/A -0.1Vvs.RHE  N/A 158
Ni(mp),~ (molecular nickel Cs products 8.2 % -1.0Vvs.RHE N/A 161
thiolate) (C3Hg+C3Hs)
NiP, 2,3-furandiol 71% 0V vs. RHE N/A 160
Methylglyoxal 84 % —0.1 Vvs. RHE N/A
Niz(PO4),-derived Nis™ C3-Cg hydrocarbons 6.5 % (C3-Cg), ~30 % (total carbonaceous —1.2 Vvs. RHE -0.91 48
products)
MoS, (single crystal terrace) 1-propanol 2-5% —0.59 V vs. 165
RHE
ImF-MosP with ionomer CsHg 91 % —0.8Vvs.RHE  —361 49




Y. Yang et al.

Next Materials 8 (2025) 100772

ﬁ Experimental workflow \

Experiment /

& test ”\

/ Analyse
results

—

Perform DFT
automatically

Select
catalyst
automatically

Select

catalyst

\\

DF

™\

Use scaling
relationships
automatically

™

Manual se\ectlo\

\ ML model

ﬁ Use model

to select

catalysts % E & Create

( structures

Create ) * v m
ﬁ I structures L ; nalyse
automatically \'_’Ib DFT data
Select ",y
adsorption / - B
motif & create " \ Intuition /

Fig. 14. Comparison of traditional catalyst discovery workflows and the machine-learning-enhanced framework. a and b how the experimental workflow for
discovering catalysts can be accelerated using a DFT-based screening process. ¢ the conventional workflow (in blue), which relies on scientific intuition to manually
select candidates for DFT screening. d a new workflow (in red) that employs ML to systematically and automatically select suitable candidates [173]. Copyright 2018,

Springer Nature.

correlating these predictions with volcano plots, researchers identified
an optimal catalytic AEco of approximately —0.67 eV (Fig. 16). This
iterative workflow-where ML predictions highlights promising candi-
dates, followed by DFT validation and retraining-reduced the required
DFT simulations to about 4000 times, significantly improving compu-
tational efficiency compared to the traditional high-throughput
approach. Among the identified candidates, Cu-Al alloys stood out,
exhibiting near-optimal AE¢q values across multiple sites. Their reduced
CO overbinding further decreased the energy barrier for C-C coupling, a
critical step in generating Cy, products. Experimental validation refined
the synthesis strategies for Cu-Al alloys, achieving a Cy . product selec-
tivity of 85-90 % at a current density of 600 mA cm™2

Similarly, Qiao et al [177]. integrated DFT calculations, Al-driven
clustering, and experimental validation to elucidate how the oxidation
state of copper (OSCu) influences the selectivity for Co, products in
CuOy catalysts. They found that a moderate oxidation state (OSCu =
+0.5) significantly promotes the conversion of *CO to *CHO while
reducing the energy barrier for C-C coupling, thereby enhancing the
yield of Cy, products. Notably, their AI clustering analysis systemati-
cally examined 30 transition-metal-doped CuOy samples, revealing an
inverted volcano relationship between the doping metals’ properties (e.
g., electronegativity, ionic potential) and Cy selectivity. This clustering
approach efficiently classified dopants while clarifying their regulatory
effects on OSCu. Metals such as Ta, W, and Nb were highlighted for
stabilizing OSCu =~ +0.5 and enhancing Cy, generation. Furthermore,
by integrating AI clustering with Pourbaix diagrams, (Fig. 17) they
proposed a co-doping strategy combining early transition metals (e.g.,
W, Nb, Ta) to enhance C-C coupling and late transition metals (e.g., Ag,
Pd, Zn) to promote CO generation. This comprehensive design frame-
work simplifies the complexity of catalyst design for intricate reactions,
paving the way for future applications in metal oxides, MXenes, and
nanostructured catalysts.

Huang et al [54]. integrate a first-principles machine learning
(FPML) approach with graphdiyne (GDY)-based atomic catalysts (ACs)
to achieve high-accuracy predictions of the C-C-C coupling processes
and distinct C3 product pathways in CO,RR, which as depicted in
(Fig. 18). By relying solely on datasets derived from C; and Cy pathways
in DFT simulations, they effectively eliminate the need for additional
and often time-consuming DFT calculations for C3 routes. Despite
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reducing computational burden, they still capture the mechanistic de-
tails and energy barriers of multiple C3 products, including acetone, 1,
2-propylene glycol, and propanol. A central focus lies in elucidating
how the neighboring effect and the ‘small-large integrated cycle’
mechanism drive C-C-C coupling. They described how sequential hy-
drogenation, and coupling can transition from simpler C; routes (small
cycles) to more extensive C3 cycles (large cycles), shedding light on the
competitive landscape between C; and Cs pathways: although direct
coupling of C; intermediates is energetically favorable, forming Cs
products ultimately demands multi-step hydrogenation. In addition,
they underscore that alkyl-chain active sites on GDY generally outper-
form metal-centered sites in promoting multi-carbon extension, thus
delivering higher electrochemical activity. Among the screened cata-
lysts, GDY-Cu, GDY-Mn, GDY-Sc, GDY-Pd, GDY-Pr, and GDY-Pm show
notable advantages for 1-propanol formation, while GDY-Pr and
GDY-Pm also excel at producing 1,2-propylene glycol and acetone.
Beyond unraveling the complexities of the Cz reaction mechanisms, the
study reveals how different active sites in GDY-ACs facilitate
carbon-chain growth from C;/C; intermediates and how modulating site
selection, metal choice, and multi-step cycles can critically affect the
selectivity toward Cs; products. Consequently, this research not only
clarifies the mechanistic underpinnings of C3 pathways but also offers
crucial guidance for designing high-performance GDY-based catalysts
that selectively synthesize multi-carbon products in CO2RR.

6. Conclusion & outlook

This review summarizes the latest advancements regarding the role
of electrocatalysts in the reduction of CO5 to Cs,. products. The present
strategies for designing copper-based catalysts primarily rely on the
following approaches: 1. Creation of defect sites and grain boundaries:
tandem reactions are achieved by increasing the number of active sites
through the introduction of defect sites or different grain boundaries on
the catalyst surface. This design can improve the overall activity and
selectivity of the catalyst and facilitate multi-step reactions. 2. Surface
engineering modulation: Increase the number of low-coordinated cop-
per sites on the surface and adjust the ratio of Cu™/Cu(0) by modulating
the structure of the copper-based catalyst surface, prolonging the resi-
dence time of the reaction intermediates in the active sites, promoting
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the coupling reaction of *C; and *C,. 3. Optimized tandem cell design to
minimize the energy consumption and CO3 loss during the step of C;-Ca-
Csy, improving the efficiency of the generation of high-value multi-
carbon products.

To further enhance the efficiency of CO5 reduction to C3; product,
future research should focus on the deep integration of ML and Al,
conbined with HTP and advanced computational modeling, to drive the
development of automated and intelligent catalyst design. The following
aspects deserve our efforts in the future:

First, HTP computation for catalyst pre-screening is of significant
necessity [178]. With the aid of the enhanced supercomputing power,
the catalyst libraries are expected to be upbuilt for one specific appli-
cation. With broadening the candidate scope for the target application
assisted by the HTP computation, it will enable the faster and more
reliable pre-screening of the catalysts. Meanwhile, ML-assisted compu-
tational screening methods, such as GNNs, deep learning, and Trans-
former models, can improve screening accuracy and reduce
computational costs, making catalyst selection faster and more reliable
[179]. Additionally, the application of DFT-ML hybrid frameworks
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allows for more efficient predictions of adsorption energies, charge
distribution, and intermediate binding abilities, thereby accelerating the
discovery of promising catalysts [180].

Second, the Operando/in-situ characterization techniques need to be
further advanced and developed with ML technology [181]. In CO; to
Cs, conversion, there exist many reaction steps before the end products
formed, while traditional experimental methods often struggle to
directly observe these processes. However, ML-driven operando char-
acterization analysts can precisely analyze catalyst surface evolution,
intermediate stability, and the rate-determining steps (RDS), which will
optimize cayalysts’ stability and activity [182,183]. Furthermore, these
RDS directly influence reaction pathways and ultimately determine C3,
products’ selectivity. Meanwhile, ML-enhanced operando/in-situ char-
acterization enables real-time monitoring of key reaction intermediates
and catalyst surface dynamics, providing a more comprehensive
assessment of catalyst activity, stability, and selectivity in the formation
of C3; products [183]. This integrated approach offers a powerful so-
lution for understanding catalyst effectiveness in CO2 reduction and
optimizing reaction conditions for improved efficiency.
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Third, advanced computational studies considering the reaction en-
vironments (applied potential, electrolytes, other local strain/field
perturbations) are very helpful in more accurately understanding the
reaction mechanism [184,185]. In the electrochemical CO, reduction
process, various strategies can be employed to modulate the reaction
environment, including adjusting the applied potential on catalyst sur-
faces, optimizing electrolyte properties, tuning internal and interfacial
strain within catalysts, and introducing localized electric or magnetic
fields [186,187]. However, traditional computational models often as-
sume idealized reaction conditions, neglecting the complex interactions
occurring at real electrochemical interfaces, which makes their pre-
dictions less consistent with experimental observations. ML-driven
multi-scale modeling can address this limitation by integrating
electrode-electrolyte interactions, electric field perturbations, and sol-
vent effects, leading to a more accurate optimization of catalyst stability
and adaptability under realistic electrochemical conditions [188]. By
incorporating these factors into catalyst optimization, ML-guided stra-
tegies hold great promise for discovering high-performance CO»
reduction catalysts with enhanced activity and selectivity.

Last but not least, with the rapid development of HTP experimen-
tation for materials synthesis and the growing application of ML tech-
niques in materials science [189,190], there is a growing opportunity to
combine first-hand experimental data with ML tools to elucidate the
relationships between synthesis parameters and material properties. For
instance, by leveraging active learning (AL) algorithms, ML models can
be continuously refined using real-time experimental data, thereby
increasing the efficiency of experimental design and dynamically opti-
mizing catalyst composition, morphology, and reaction conditions
[191]. Such data-driven insights can greatly accelerate the design and
preparation of catalytic materials, especially those incorporating mul-
tiple functionalities required for CO» reduction to Cg; products.
Consequently, harnessing the aforementioned strategies holds signifi-
cant promise for advancing the next generation of CO; reduction cata-
lysts, making them more effective at producing high-value multi-carbon
products.
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