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ARTICLE INFO ABSTRACT

Keywords: The conversion of carbon dioxide (CO2) into hydrocarbons through electrochemical CO, reduction reaction

Electroreduction (eCO2RR) shows a promising method to reduce CO; levels and decrease reliance on fossil fuels in the years to

gu»bassd catalysts come. Copper-based electrocatalysts exhibit a pronounced inclination for C-C coupling, drawing considerable
> products

interest as a favored metal catalyst for generating Cy products through CO,RR. However, CO2RR still has some
obstacles including product selectivity, higher overpotential, low Faradic efficiency (FE), stability, and current
density (CD). Therefore, advancement in this field enables us to comprehend the complex multi-proton electron
transfer during C-C coupling and engineering strategies to improve FE and CD. Herein, this review presents some
key features of Cu-based catalysts as an electrocatalyst for Cy product formation while addressing the industrial
challenges that hinder commercialization of CORR. In addition, recent strategies on Cu-based catalysts, synthesis
strategies, advanced characterizations, and mechanistic investigations via theoretical simulations have been
presented. Furthermore, recent approaches towards the composition, oxidation states, and active facets have been
presented. Thus, the most favorable mechanism and possible pathways to synthesize Cy; products have been

Structural engineering
Operando techniques

explained using theoretical calculations.

1. Introduction

The prodigious contest of new technology, industrialization, and
economic growth in 20th century has been perceived to be rapid energy
consumption [1]. Fossil fuel is the major source of energy to fulfill the
energy requirement globally [2-4]. With the advancements in uncon-
ventional crude oil upgrading [5,6] and utilization of other petroleum
resources [7-9], environmental concerns are increasing rapidly [10]. The
combustion of large-scale fossil fuels including heteroatom components
(NO,, SO, and particulate matter) and greenhouse emissions erupt into
severe issues like global warming and climate change [11,12]. The at-
mospheric CO, concentrations surpassed 424 parts per million (ppm) in
2024, with projections indicating an anticipated rise to 600 ppm,
increasing at an annual rate of 2.5 ppm [13].

Not only does this pose a threat to the natural equilibrium of eco-
systems, but it also jeopardizes the survival of human beings on Earth. To
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diminish the increasing concentration of CO3 in the atmosphere which
contributes 2 to 4 times more than other gases including ozone, nitrous
oxides, and aerosol [14], the various strategies for COy reduction and
conversion including thermochemical [15-21], photochemical [22,23],
electrochemical [24-31], and photoelectrochemical [32,33] methods
have been adopted to convert CO5 into valuable chemicals to maintain
the dynamic carbon balance. Considering these attractive strategies, the
most effective way is eCO2RR (Electrochemical CO, reduction reaction)
under various reaction conditions (mild and high pressure), reusable
electrolytes, and sustainable driving force through potential synergy
using electricity [34]. Moreover, to reduce CO; emissions, several other
techniques like solid oxide fuel cells [35], water splitting [36], and
biomass conversion [37,38] were also employed for the production of
renewable energy to mitigate the dependency on fossil fuels.

CO, exhibits chemical inertness with a linear C=O bond energy of
750 kJ/mol, demanding significantly higher energy compared to other
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carbon bonds such as C-H (411 kJ/mol), C-C (336 kJ/mol), and C-O
(327 kJ/mol) [39]. Therefore, overcoming the energy barrier to reduce
CO», into desirable products via CO2RR is challenging. Despite criticism
of the practical applications of CO2RR, the advances achieved in the field
of eCO2RR hold significant importance, and further exploration needs to
be considered, along with the understanding of kinetics and thermody-
namic mechanisms. Secondly, the competition between hydrogen evo-
lution reaction (HER) and CO-RR, owing to their similar reduction
potential, the insights into the mechanism behind the design of an effi-
cient catalyst for the suppression of HER should be considered. Finally,
the tremendous challenge to achieve the desired product through various
eCO2RR pathways with the highest FE (faradaic efficiency) is the main
concern in eCO2RR. In addition, the multiple protons coupled electrns
are required to produce Cy and Cy; products, resulting in complex re-
action pathways [40]. Due to the complex reaction mechanism, the
products are significantly influenced by the sensitivity of the electro-
catalytic reaction conditions including electrolyte concentration [34],
overpotential [41], pH [42,43], catalyst morphology [43], particle size
[401, electrode potential [42,44], additives [45], electrolyte cation [46],
and reactor design [28], respectively, which is critical for the progress in
the development of COzRR.

The development of various materials for the electrocatalytic reduc-
tion of CO5 is summarized in Fig. 1. From the 1950s to the 1990s, the
CO2RR was conducted on various transition metal-based catalysts (cop-
per, zinc, and non-transition metal mercury, etc.), which resulted in the
formation of CO, to formate [47-54]. Later from 1990 to 2000, the
CO2RR was studied over various metal catalysts including Pt, Au, Co, Ni,
and Cu which yielded low selectivity toward C, products [55-62]. In late
2003, the selectivity towards Cy and Cy; products was further improved
using various crystal structures of copper [63,64]. In 2004, a drastic in-
crease in the FE (63%) of ethylene was observed using Cu catalyst, which
revolutionized the history of copper catalyst towards Cy hydrocarbons
[65]. From 2005 to 2015, the FE of Cy; hydrocarbons was further
improved from 40 to 60% due to catalyst engineering strategies [31,
66-84]. From 2016 to 2024, the advancement involved in the revolution
of copper catalysts toward Cy products, reveals their significance in the
field of hydrocarbons via COoRR [34,43,85-100]. Considering the rev-
olutionary evolution from CO2RR to Cy, based on structural optimization
[101], theoretical calculations [81,82,102], and operando

1980

) 2024

| Deep insights into
Reaction pathways,
FE ./, ( 80-90%)
and current densities
(500-600mA cm2)

Negligible FE,, -, (10%
15%) on Cu, Pb, Hg, Zn A

Nano Materials Science xxx (xxxx) Xxxx

characterization techniques [103], FE and CD ( current density) have
been greatly enhanced. Previously, several review articles [13,104,105]
for COoRR have been published but their area of interest in particular
studies was related to the catalyst chemistry [106-109], reaction
mechanism [102,110], product selectivity, morphological effect
[111-113], material design [114], and fundamentals of CO2RR [40].
Furthermore, numerous reviews have focused on the immobilization of
molecular catalysts onto electrode surfaces for CO2RR, catering to the
specific interests of readers [115,116]. Considering the importance of
eCO2RR, a comprehensive review particularly considering the impor-
tance of all the aspects towards the advancement of FE and CD is required
for complete understanding.

In the literature, several reviews have been published to produce Cy,
products over the Cu-based electrocatalysts. Recently, Chen et al. focused
on the progress of flow cells for COsRR to Cy products and elaborated on
the design principles of CO2RR to Cy; products, the architectures, and the
types of flow cells used to enhance the electrochemical performance
[117]. In addition, the main strategies for optimizing flow cells
(including cathode, anode, ion exchange membrane, and electrolyte) to
generate Cy, products were described. Another review categorizes
Cu-based materials into different groups including Cu metal, Cu oxides,
Cu alloys, and Cu SACs, Cu heterojunctions based on their catalytic ap-
plications in electrochemical and photochemical for the production of
Ca. products [118]. Hao et al. explained the recent utilization of in sit-
u/operando characterization methods and ab initio molecular dynamics
calculations in tracking structural reconstruction, discovering active
sites, and unveiling the reaction mechanisms [119]. Similarly, Cui et al.
suggested and highlighted the possible reaction pathways and strategies
for CO2RR, and summarized the progress using in-situ techniques for the
elucidation of the mechanism [120]. Jun et al. summarized recent efforts
to fine-tune the oxidation state of Cu to increase carbon capture and
produce specific C; compounds to greatly expedite the advancement in
the catalyst designs [121]. Furthermore, techno-economic analysis and
reaction mechanism during CORR to selectively produce CoH4 was
briefly illustrated by Carroll et al. [122]. To examine the progress in the
acidic media during CO2RR and focus on reaction environment strategies
such as electrocatalyst design, electrode modification, and electrolyte
engineering to promote CO;RR was explained by Zeng et al. [123].
Moreover, insights into the reaction mechanisms via in situ/operando
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Fig. 1. Timeline for the development of C; and C,, products from CO.RR on Cu-based catalyst.
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techniques and theoretical calculations were discussed, along with crit-
ical challenges and future directions in acidic CO2RR technology. Yes-
upatham et al. discussed the catalyst design strategies, unique
structural/morphological features, and product selectivity of diverse
copper-based catalysts [124]. Therefore, above mentioned papers on the
electrochemical CO; reduction to Cy, products primarily focus on the
reaction parameters including reaction environment, morphology,
bimetallic catalysts, reactor configuration, and DFT calculations. How-
ever, there is still a lack of research that covers all the fundamental as-
pects and summarizes them in one article for beginners.

This overview presents a comprehensive exploration of advance-
ments in eCO2RR over the past few decades, particularly focused on
electrocatalytic strategies using copper catalysts. This review delves into
catalyst engineering and effective strategies, encompassing metal oxide/
metal interactions, oxygen vacancy generation, grain boundary forma-
tion, and various aspects of Cu catalysts. It underscores the relationship
between interfacial engineering and Cu facets, highlighting their pivotal
role in facilitating the production of Cy products like ethylene, ethanol,
and ethane which is crucial for industrial applications. Similarly, high
energy density products Cp (Ethylene, ethanol, and ethane) are
demanding products due to their global demand but they have compli-
cated reaction pathways. Furthermore, the review also presents reaction
mechanism involved in the formation of Cy products and their in-
termediates, vital for comprehending the eCO;RR process. Given the
propensity for C-C coupling reactions over Cu catalyst, COoRR to valu-
able hydrocarbons and alcohols has garnered significant attention.
Hence, this study exclusively focuses on elucidating the reaction mech-
anism, catalyst synthesis strategies, and associated challenges in
commercializing eCO2RR, along with prospects.

2. CO2RR technologies for Cu-based electrocatalyst

The overall scheme for CO2RR is presented in Fig. 2 which shows that
the industrial revolution and fossil fuel consumption enhanced the CO,
emissions into the environment exponentially in the last few decades. To
overcome these emissions, the electrochemical technologies using
various types of electrolyzers such as H-cells [125], MEA (membrane
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electrode assembly) cells [126,127], microfluidic cells [128], and photo
electrocatalysis cells [129] have been widely studied and detailed are
presented in Table 1 The laboratory scale electrolyzer which is widely
studied to understand the electrochemical mechanism and the basics
involved in the eCO2RR is an H-type cell; while the most efficient elec-
trolyzer designs that utilize gas diffusion electrodes to reduce ohmic
losses and mass transfer issues is MEA electrolyzer. Electrocatalysts hold
paramount importance in CO,RR, with Cu and Cu-based catalysts
standing out as among the most widely employed due to their intrinsic
advantageous characteristics Tables 2-5.

The electrochemical reduction of COy on Cu/Cu-based catalysts re-
sults in various products, showcasing their broad product versatility
alongside enhanced reaction kinetics and low applied potential re-
quirements [167]. Cu/Cu-based catalysts are primarily recognized for
their moderate CO adsorption energy, rendering them exceptional for
facilitating the formation of Cy products, which serve as efficient C-C
coupling intermediates. These Cy products are ethylene, ethane, and
ethanol, commonly used as fuel or chemical feedstock. Nonetheless,
there remains a need to enhance both product selectivity and current
density for industrial scalability. Improvements in these areas require a
thorough comprehension of the complex catalyst engineering processes
and principles behind eCO2RR [167,168].

3. Potential of Cu-based electrocatalyst for COoRR

The products obtained after eCOsRR and the number of electrons
consumed in the formation of particular products along with their stan-
dard potential have been discussed [169]. In past decades, CO and formic
acid have been particularly used owing to their techno-economic analysis
and are kinetically favorable. On the other hand, variety of CO; reduction
products, Co and Cy products are especially desirable because of their
high packing energy density, higher calorific value, and significance to
industrial advancements. Notably, ethylene (C2H,4) stands out as a pri-
mary product of copper-based catalysts in eCO2RR, serving as a foun-
dational feedstock for producing various valuable chemicals such as
ethylene oxide, polyethylene, and PVP. Similarly, ethanol is the second
most important chemical feedstock to produce ethane, glycol ether,
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Fig. 2. Process flow diagram for CO,RR into C; and C,, products via various efficiency-dependent parameters.
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Table 1
Electrochemical performance of recent Cu-based catalysts for C,, products with their respective FE, CD, and potential at different electrolyte concentrations and reactor
types.
Catalyst Electrolyte Potential (Vs RHE) CD (mA cm ™ ?) Partial CD (mA cm™2) FEco Reactor type References
Cu-Pd bimetallic 1 M KCl -1.15 200 225 75.6 Flow cell [130]
Cu/Cuz0 1 M KOH —1.06 25 - 58.0 H cell [131]
CuO@CuBTC 0.1 M KHCO3 —-1.05 - 256 64.2 flow cell [85]
CuO-ZrO, —-1.50 - 200 82.3 flow cell [132]
Cu,0-Cu NCs 1 M KOH —1.00 500 - 77.4 flow cell [133]
Cu@Cu0 —1.08 15 - 79.0 H cell [134]
CuxAly-OD 1 M KOH —1.68 693 565 81.6 flow cell [135]
Cu@Salen-PIL 1 M KOH —0.80 — 263 80.9 flow cell [136]
2.7% CuOy -R 3 M KOH —0.90 289 245 84.7 flow cell [137]
Cuy00Zn49 0.1 M Csl —1.28 40 - 75.0 H cell [138]
CuZn 1 M KOH -1.17 140 - 80.0 H cell [139]
Cu cavities 1 M KOH -0.59 186 605 75.6 flow cell [140]
Cu9Znl 2 M KOH -1.15 400 - 88.5 flow cell [141]
Cu0@C/N 0.1 M KHCO3 —0.90 - 245 75.9 flow cell [142]
B-CuO 0.5 M KHCO3 —1.00 30 - 55.7 flow cell [137]
Cu20/Cu 1 M KOH -1.10 1003 - 80.4 flow cell [143]
Cuy0—xSe/Cu/NC 1 M KOH —1.40 30.44 - 71.6 H cell [144]
Cu@C 0.1 M Csl —1.20 - 323 80.5 flow cell [145]
CuNPs 1 M KHCO3 —3.80 - 356 71.1 flow cell [146]
Table 2
Summary of CO,RR electrochemical performance on OD/HD single Cu-atom recently reported literature.
Catalysts Products Electrolyte FE (%) CD (mA/cm?) Potential (V vs RHE) Reactor
Reference
Cu-Nanowires Ethylene 1.0 M KCl 60.0 50.0 -1.10 H-type [147]
Ethanol
CuO ultra-thin nanoplate Ethylene 0.5 M KCl 84.0 200 —0.90 Flow cell [148]
Ethanol
CuO/N,C Ethylene 0.1M NaHCO3 36.0 140 —-1.25 H-type [93]
OD Cu Cyo/C3 0.1 M KHCO3 60.0 10.0 —1.00 H-type [149]
B-OD Cu Coy 0.1M KHCO3 48.0 334 —1.05 H-type [93]
Cu oxides/ZnO Ethylene 0.1M KHCO3 91.0 7.50 —2.5V vs. Ag/AgCl H-type [150]
Cu,0 NPs/C Cy/C3 0.1 M KHCO3 74.0 16.0 -1.10 H-type [91]
Cu,O Cy 2.0 M KOH 40.0 234 -1.17 Flow cell [151]
Cu0/ILGS Ethylene 0.1M KHCO3 31.0 12.0 -1.15 H-type [152]
Table 3
Summary of hetero-atomic Cu catalyst's electrochemical performance and their parameters.
Catalyst Products FE (%) Electrolyte Current Density (mA/cm?) Potential (Vs RHE) Reactors Reference
Cu/Ni tandem electrode Ethylene Ethanol 62.0 1.0 M KOH 415 -0.70 Flow cell [153]
CuO/Ni Ethylene Ethanol 54.0 1.0 M KOH 1220.8 -3.0 Flow cell [147]
28.0
F-Cu Ethylene, Ethanol 70.0 1.0 M KOH 400 —0.97 Flow cell [154]
20.0
Cu-CeO, Ethylene, Ethanol 42.0 0.1 M KHCO3 20.0 -1.30 H-type [155]
20.0
Cu-Au NWs Ethylene Ethanol 43.0 0.1 M KHCO3 12.1 -1.25 H-type [156]
20.0
Ag-doped Cu n-propanol 33.0 1.0 M KOH 4.50 —0.46 Flow cell [152]
Pd-doped Cu Alcohols 40.0 1.0 M KOH 277 —0.63 Flow cell [157]
Cu-Ag Acetaldehyde 50.0 0.1 M KOH 0.70 —0.53 H-type [158]
Ag-Ru n-propanol 36.0 1.0 M KOH 300 —2.60 Flow cell [159]
Co-doped Cu

amines, and esters [105,170]. Several studies suggested that Cu is the
only transition metal that can produce C; hydrocarbon at a lower over-
potential while Cy; products and oxygenates at a higher overpotential
due to its moderate adsorption/desorption energies of *CO intermediate
[147]. Furthermore, *CO adsorption on the Cu surface reduces the
competitive HER due to blocking active sites, which alters the *H binding
energy (Fig. 3a to b). Thus, CO poisoning of HER on the Cu catalyst en-
ables Cu to be a promising candidate for Cy; and C; products in aqueous
electrolytes. The classification of metal groups according to their specific
product selectivity is determined by their binding energy for CO2RR and

HER intermediates, namely *H, *OCHO (adsorbed over catalyst via ox-
ygen), *COOH (attached over catalyst via a carbon atom), and *CO.
Copper catalysts possess a distinctive capability to yield Cy; products
owing to their negative adsorption energy for *CO (—0.78 eV, by theo-
retical calculations) but positive adsorption energy for *H, facilitating the
production of Cy and Cy; products with greater ease, as depicted in Fig. 3.

The metals/metal alloys have been proven to be effective in selec-
tivity and efficiency which can be modified through variation in the
metal particle size, morphology, exposed surface/crystal facets, surface
functionalization, controlling catalyst chemical states, porosity, or
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Table 4
Summary of CO2RR key performance indicators based on Cu nanocrystal catalyst.
Catalyst Products FE (%) Electrolyte Current density (mA/cm?) Potential (Vs RHE) Reactors Reference
Cu nanowire Ethylene 60.0 1.0M 50.0 -1.10 H-cell [147]
KCl
Cu Ethanol Propanol 53.0 0.1 M KHCO3 180 -3.50 H-cell [88]
18.0
SW-Cu,0 Ethylene Ethanol 60.0 1.0M 60.0 -1.50 H-cell [160]
KCl
Cu single-atomic catalyst CoHy 71.0 1.0 M KOH 16.5 —0.70 H-type [89]
Cu-Cu dual-atomic catalyst Coy 91.0 0.1 M KHCO3 90.0 -1.66 Flow cell [161]
fragmented Cu n-propanol 20.0 1.0 M KHCO3 8.50 —0.45 H-type [162]
Cu nanocavity n-propanol 21.0 1.0 M KOH 7.80 —0.56 H-type [163]
Ligand Cu,0 NCs Ethylene Cy, 50.0 1.0 M KOH 250 -1.70 Flow cell [164]
73.0
Multi Hollow Cu,0 Ethylene 75.0 2.0 M KOH 342 -0.61 Flow cell [165]
20.0
Cu NPs Ethylene 60.0 0.5 M KOH 300 —-1.20 Flow cell [166]
Ethanol 20.0
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Fig. 3. CO2RR to CO, H,, and HCOOH for the proposed descriptors; (a) 3D description of the coupled binding energy ellipsoids concerning Au. Metals have been given
color related to their specific products. Light pale (HCOOH), light violet (CO), red (H,), and light Cyan (beyond CO*), (b) reaction intermediates (*CO and *H) binding
energy on various metal electrodes, reproduced with permission from [171], Copyrights Wiley 2017 and (c) Periodic table highlighting the metal's efficiency for their
favorable products during eCO5RR, reproduced with permission from [66], Copyrights ACS ©2015.

creating heterostructure. Metals have poor selectivity for products with
high energy densities and deactivate quickly owing to the oxidation of
the metal-to-metal oxides. Hori et al. [172] investigated several metals to
figure out the most suitable electrocatalyst. Metals such as Hg, Au, Pb, Zn,

Cd, Sn, Ti, and In have been extensively employed for formate formation,
whereas Ag, Pd, Ga, Ni, and Pt are primarily utilized for CO formation, as
illustrated in Fig. 3c. However, CO, reduction to Cy products or fuel is a
difficult way because of complex reaction pathways. Thus, the
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development of an efficient electrocatalyst having a desirable electronic
configuration with larger FEs, and product selectivity at lower over-
potential for long operation time is needed [173].

The strong CO* intermediate adsorption over the metal surface, leads
to a quick deactivation of the catalyst, while the metal that adsorbs *CO
weakly on its surface will desorb CO before it can react further with the
intermediates; thus preventing the formation of C, species [62,174]. The
strong reducing power of copper catalysts enables it to produce a wide
range of product distribution with relatively low overpotential [175].
The high performance of eCO2RR over Cu-based electrocatalysts was
reported with FEemylene greater than 75% with optimum stability [154,
176]. Cu-based catalysts mostly deactivate in acidic or neutral media in
eCO2RR due to HER [177]. It is widely acknowledged that Cu-based
catalysts performed better in alkaline media and became particularly
drawn to Cy, products. However, in an alkaline medium, CO; directly
reacts with the alkaline medium and forms carbonate and bicarbonates
which adds the additional expense of energy, materials, and regeneration
of CO, [178].

Product selectivity can be enhanced using Cu-based catalysts which
can controlled in many ways including grain boundary regulation [179],
catalyst engineering [54,180-182], electrolyte selection (ionic, alkaline,
or neutral) [179], dopant metals [183], various oxidation states [29],
nitrogen-doping [184], and oxygen vacancies [185]. The unique
behavior of Cu metal among various metals of the periodic table is the
production of Cy, and Cy, hydrocarbons at appropriate current density
with moderate FE; however, numerous factors still need to be investi-
gated as depicted in Fig. 4. The only competitive reaction to Cy products
on Cu is hydrogen evolution reaction (HER) which could affect the
product selectivity. However, HER could suppress with higher pressure
CO2RR or appropriate electrolytes with an anion exchange membrane.
HER occurs more easily than CO2RR products due to its lower thermo-
dynamic potential. Similarly, a higher alkaline environment is more
suitable for COoRR products, but it may cause catalyst degradation
rapidly. Another dominant factor is catalyst degradation which occurs
due to high current density, high alkaline electrolyte, and electrode
flooding; thus, leading to catalyst delamination and catalyst instability.
Secondly, Cy, product generation is comparatively challenging rather to
C; products like CO and formate due to the multiple protons electrons
transferred mechanism. Multiple protons electrons transfer is a complex
reaction mechanism, due to which controlled reaction for a specific Ca
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product selectivity become more complicated, such as ethylene, and
ethanol each require 12 electrons whereas 14 electrons are required to
produce ethane. Furthermore, catalyst engineering has had an enormous
impact on the Cy; product generation such as oxygen vacancies, grain
boundaries, surface morphology, catalyst composition, halide addition
effect, and specific Cu facets. The mechanism behind the complex
multi-proton-coupled electron transfer, which affects the catalytic ac-
tivity and FE should be carefully investigated [31]. Previous studies have
reported that C-C coupling is a fundamental and rate-determining step in
Cy species, which can be further verified by theoretical calculations
revealing that Cu catalyst has moderate adsorption energy for *CO which
makes it a strong candidate for Cy, product [186]. Lastly, overpotential
and onset potential of CO2RR are the most concerned terms regarding Ca
and Cg; products industrialization. Overpotential is the difference be-
tween thermodynamic and onset potential (applied potential). Over-
potential is an extra potential that is being used for a specific product
production due to ohmic losses. For instance, the thermodynamic po-
tential of our Cy products i.e., ethylene, ethanol, and ethane are 0.08,
0.09, and 0.14 V vs RHE, respectively. The most effective electrocatalyst
is the one that could produce CO2RR at a lower overpotential. Likewise
other parameters, the C;/C, pathways strongly depend on a range of
applied potentials. For instance, *CO-CO dimerization pathway was
confirmed to be more favorable at a low overpotential of Cu-based
electrocatalysts, while *CO-COH was found to be energetically favor-
able at high overpotentials. These findings suggest the experimentally
observed potential dependence of CHy, CoH,, and CoHsOH. For instance,
on Cu(100) surface, the lower energy barrier (0.69 vs 1.0 eV) favors CoHy
production over CHy4 generation via *CHO when the potential (U) is more
positive than —0.6 V. This is achieved using C-C coupling through
*CO-CO, followed by hydrogenation to *CO-COH [187]. Therefore,
ethylene could be considered as a main product in this overpotential
range. While in —0.6 to —0.8 V, adsorption of *H and *CO competes for
surface active sites, resulting in a decreased amount of CO on the surface
and thus leading to a lower rate of CO dimerization to ethylene.
Furthermore, moving towards a more negative potential of —0.8 V, this
site blocking does not affect the *CHO formation which can be formed via
the Eley-Rideal (E-R) mechanism [188]. Thus, ethylene and methane
synthesis share one intermediate, which is obvious from the subsequent
appearance of ethylene and methane in this range of potential. This
discussion indicates the importance of applied potential range and
overpotential for a specific product generation [189]. Recently, CO2RR in
acidic electrolytes via gas diffusion electrode (GDE) employing
copper-based ultrathin superhydrophobic microporous layer yielded
87% FE of Cy, with a partial current density of —1.6 A cm™2 [190]. In
related work, Cu nanoparticles were utilized to produce multicarbon
products (Cy) in neutral electrolytes to a record value of 1.7 A cm~2 The
total FE for Cy, reached up to 76% at a current density of 1.6 A cm™2
[191]. Similarly, Yuan et al. focused on optimizing the reaction kinetics
and product selectivity by modifying the hydrophobicity and pore size
distribution of the microporous layer (MPL) of carbon fiber substrate.
They succeeded in preparing ethylene with 0.697 A cm 2 partial current
density and total Cy, products with 0.885 A cm ™2 partial current density
at —1.44 V vs. RHE potential [192]. These studies showed the highest
reported Cy, products regarding their partial current density in the
literature.

4. Copper catalyst engineering
4.1. Cu-based catalyst (OD-Cu)

The catalysts which consist of Cu as a cation and other elements as an
anion are considered in this section. Mostly used anions are either oxygen
or halides which have different catalytic activity and product selectivity
due to sub-surface oxygen, intrinsic roughness of the surface, and grain
boundaries. Although these catalysts have been used extensively for
CO2RR to hydrocarbons, and alcohol production. However, lower FE and
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overpotential are their key issues of concern. The most widely used
technique to regulate these issues is oxide-derived copper-based (OD-Cu)
catalysts [193]. The product selectivity changes from ethylene to ethane
as we increase the thickness from thinner to thicker. In addition, the size
of Cu-NPs (Nanoparticles), surface coverage, and local pH are highly
important for ethylene formation [75]. Moreover, as reported by Lee
et al. [194], the utilization of OD-Cu catalysts promotes ethylene for-
mation (FE = 40%) with a stability of 40 h at a lower potential (—1.08 V
vs. RHE). This improved FE was attributed to the coexistence of Cu® and
Cu' states following CO,RR. The presence of these moieties contributes
to enhanced selectivity and stability in product formation. The oxidation
states of Cu exert a pivotal influence on CO2RR, particularly regarding
the adsorption of CO on an active Cu® surface, which shows better
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stability as compared to Cu’. Additionally, the CO dimerization between
Cu® and adjacent Cu™ sites entails a moderate energy barrier, facilitating
the creation of *OCCO intermediates over the catalyst surface. This
phenomenon renders Cu-based catalysts well-suited for C-C coupling
reactions, characterized by accelerated kinetics and thermodynamic
feasibility towards Cy products [195,196].

4.2. Oxide-derived Cu NPs (OD-Cu NPs)

Oxidized copper catalysts can be synthesized by various techniques
like Cuy0 electrodeposition [75], sequential reduction [197], thermal
treatment of metallic Cu in the air [198], and plasma treatment [55],
which have significant potential to produce FEethylene (60 % to 70%) and
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Fig. 5. (a) XPS of Cu 2p and, (b) Cu LMM Auger of Cu,0, prepared by modifying reaction time [85], Copyrights Elsevier ©2023. (c) CoH,4 Partial current density and
FE on CuO-ER catalyst at various potentials, (d) FEs of H,, and C,, products on CuO-ER at different applied potentials, reproduced with permission from [185],
Copyrights Elsevier ©2023. (e) Numerical simulation results of the averaged local and surface pH using various OD-Cu catalysts, (f) FEs, and partial CD towards C
products in K™ & Cs™ electrolyte at —1.0 V vs. RHE, Reproduced with permission from [195], Copyrights ACS ©2017.



M.S. Hussain et al.

other C, products with relatively higher current density (-250 mA cm™2)
[97]. Previous studies [71,74,94,97,199] demonstrated that grain
boundaries, formation of low coordinated atoms, and the presence of
Cu?" sites in these OD-Cu base electrocatalysts could be the active species
during eCO2RR, which was further verified by the DFT calculation that
the presence of a single Cu!" site might not be able to improve FEs of the
CO2RR [200]. The OD-Cu catalysts are comparatively energy efficient as
they exhibited lower onset potential and remarkable selectivity toward a
specific product; particularly Cy; products as compared to methane.
Apart from the grain boundaries of the catalyst, the manipulation be-
tween the oxidation states of Cu (CuO/Cu+/Cu2+) is believed to be
important for ethylene production [201,202].

It has been observed that eCO2RR and catalytic activity of the oxide-
derived catalyst is better than the simple Cu owing to surface rupture and
porosity of the former, resulting in enhanced CO, adsorption on the
oxide-derived catalyst [69]. Most of the studies published in the litera-
ture investigated Cu and Cuy0O catalysts with different morphologies and
characteristics, demonstrating that the presence of Cuy0 on the catalyst
surface is a microcrystalline or rupture structure while Cu® has a flat
surface (less conductive than Cus0), which is not effective. The
oxide-derived catalyst has improved surface morphology, and intrinsic
activity of eCO2RR with suppressed HER. CuyO oxide-derived particles
have higher FEs than electropolished Cu surfaces due to porosity and
surface roughness [67]. Moreover, the former catalysts surface contains
Cu", which promotes CO, activation [85]. In an alkaline environment,
the active Cu™ species is eventually reduced to Cu®, which might impact
the durability and selectivity of Ca, compounds (Fig. 5a to b); whereas
Cu' is obvious in the synthesized catalyst which is reduced to Cu® after
CO3RR. Recently, a mixture of Cu’/Cu catalysts was prepared with a
hydrothermal method under alkaline conditions. Their findings indicate
that the presence of cu®/Cu* interfaces enhances crucial intermediate
(*OCCOH) adsorption, thereby lowering the C-C coupling energy barrier
and assisting the production of Cz; products (FE = 58.9%). At an optimal
current density of —10.5 mA cm™2 at —1.40 V, FE of ethylene reached
44.5% (Fig. 5c to d). The catalyst's nanosheet structure helps to achieve a
larger surface area of up to 15.1 m?/g and exposes more active sites to
CO,, adsorption. The previously reported study showed that Cu®™" species
are neither active sites in CO2RR nor have a significant effect on Cy
product formation as compared to Cu’/Cu*. However, electrode surfaces
containing lower oxidation states of Cu (Cu" and metallic Cu®) have been
reported to offer a higher yield of Cy; products [203-205]. The presence
of an abundance of Cu’/Cu™ favors *CO adsorption density, resulting in
high Cy, selectivity [206]. Further, theoretical examination was con-
ducted to discover the synergistic impact of Cu® and Cu™ by utilizing the
density of states (DOS) model. The investigation shows that CuyO-Cu
(100) has a reduced band gap energy (0.78 eV) compared to individual
Cuz0 (1.25 eV), demonstrating the enhanced conductivity of combined
Cuz0-Cu [207].

In a subsequent study in 2023, Diao et al. [208] observed that
annealed Cu catalyzed the conversion of CO; into ethylene and ethane at
remarkably low potentials (—0.60 V). Contrarily, polycrystalline Cu
produced CoH4 and CHy at higher potentials, yielding Hp as the main
product, with annealed Cu displaying low FE towards hydrocarbons. The
deviation from the higher overpotential regime was attributed to mass
transport constraints at elevated current densities (>10 mA cm™2) and
the electrode's inherent selectivity [80]. Similarly, Yanwei et al. [195]
investigated the increasing pH effect on C; selectivity which leads to C-C
coupling, whereas a decrease in CO; concentrations; lowered the C,
selectivity (Fig. 5e). The average surface concentration of COy was
calculated using OD-Cu, electrochemical polished Cu, OD-NWs (oxide--
derived nanowires), and electrochemical oxide derived Cu at —1.0 V and
—0.70 V RHE which revealed their electrochemical performance towards
Co products. Furthermore, the current density is directly proportional to
the local pH value while inversely proportional to the CO5 concentration
as reported by Lum et al. It can be stated that the oxide-derived catalyst
having a high pH value with a corresponding lower CO5 concentration
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yields maximum current density (Fig. 5f). The product selectivity for OD
NWs (Nanowires), EC Cu, Cu foil, OD Cu, and EOD Cu has been reported
with the highest C; product selectivity observed for EOD Cu and EC Cu at
100 s. The maximum FE of the Cy product (ethylene and ethanol) has
been observed at —1.0 V (65%) and —0.90 V (45%) 195.

Several studies have corroborated that the mere presence of Cu’ is not
adequate for the generation of Cy, chemicals, whereas the presence of
Cu" species on its surface is deemed an active prerequisite as we dis-
cussed earlier. Positively charged Cu' of *CO-Cu" species serve to
mitigate the adverse effects induced by negatively charged species
*CO,-Cu® during CO,RR. This positive charge is conducive to C-C
coupling and dimerization, thereby suppressing HER and the formation
of C; products [87,209,210]. Recent research has demonstrated that the
stability and unique coexistence of Cu*/Cu’ is essential for the increased
intermediate concentration [208,211]. However, an inadequate or
excessive concentration of Cut/Cu® will lower the intermediate con-
centration. To overcome this issue Zhang et al. [85] presented a new
strategy to regulate the intermediate concentration for balance
achievement among the intermediates by tuning several parameters
(*CO concentration, Cu™ surface coverage, and cavity size, etc.) which
were considered capable of producing Cy products with FE (70.1%) at the
current density of — 9.30 mA cm 2 (Fig. 6a and b). Similarly, by adjusting
the electron transfer during the CO2RR process, grain refining techniques
have been employed to adjust the oxidation states of Cu-based catalysts.
The effect of nanograin size was further investigated by Yang et al. [212],
who claimed that a significant amount of active Cu nanograins yields
better Cy selectivity, particularly for 7.0 nm particle ensembles which
exhibited sixfold higher than that of 18.0 nm Cu-NPs.

The C, selectivity remains optimum for CuyO at Cu-BTC hetero-
structure which behaves as a sacrifice template of CupO octahedron
(Fig. 6¢), that enables higher Cy; products (FEs = 39.8% for CoHy, FE =
19% for CoHsOH, and FE = 5.4% for 1-propanol) [85]. It has been further
confirmed [214] that the coexistence of Cut/Cu® significantly affects the
electrochemical performance of the catalyst. The CuyO catalyst contains
both Cu oxidations states Cu™/Cu’ and incorporated with various
amounts of CNTs, which are highly conductive and thus caused the
reduction peak toward the positive side (Fig. 6d). In addition, increasing
CNTs decreased FEcy; products at 800 mA cm2 at fixed CD offering
maximum value at CuyO/CNTs = 4 ratios (Fig. 6e). Gu et al. [215] re-
ported higher FEs of Cy, products using CuO, than Cu catalyst due to the
formation of oxygen vacancies and its oxidation states in the later cata-
lyst. The highest FE was observed for ethylene (at 63%, represented by
the red column) in Fig. 6f at —1.40 V (vs. RHE) accompanied by HER (FE
= 16%). The polarization curve illustrates the electrochemical perfor-
mance in terms of kinetics. Pure Cu exhibits a lower onset potential of
—0.50 V vs. RHE, attributed to the competing side reaction of hydrogen
evolution (HER). In contrast, CuOx-Vo catalyst exhibits a lower current
density and a slightly higher onset potential of —0.60 V vs RHE than the
Cu electrode. The difference may be explained by Cus greater electrical
conductivity (Fig. 6g) [215]. In short, several researchers suggested that
the long-term existence of Cu’ species is important for the excellent
catalytic activity of the catalyst and product selectivity. The synergetic
effect of Cu® and Cu®" sites in Cu catalysts is considered a significant
parameter for higher FEs during the CO2RR.

Several studies aimed to specify the active sites responsible for the
remarkable catalytic properties of oxide-derived Cu and Cu-based cata-
lysts. Chorkendorff and co-workers found strong CO binding sites in
oxide-derived Cu catalysts as compared to polycrystalline Cu using
temperature-programmed desorption (TPD) [67]. They assumed these
strong binding sites could be grain boundaries observed in oxide-derived
Cu catalysts. In related work, Kanan et al. explained grain boundaries are
the active sites for the CO reduction to Cz and C3 products [217]. How-
ever, it is unclear whether all the grain boundaries are active or if only
those grain boundaries with specific morphology for CO reduction to Cy
products. Yanwei et al. demonstrated with an isotopic labeling technique
that oxide-derived Cu possesses a minimum of three types of active sites
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as shown in Fig. 7a, including selectively responsible for ethylene, ace-
tate/ethanol, and 1-propanol, respectively. Contrarily, polycrystalline
Cu, Cu (111), and Cu (100) do not have such kind of product-specific
active sites [26].

Fig. 7b Shows isotopic composition of Cy products produced by oxide-
derived Cu catalysts at various applied potentials. The similar isotopic
composition of ethanol and acetate regardless of the applied potential
indicates that these products are generated from the same active sites.
Secondly, the consistently higher '3CO fraction of ethylene shows that
ethylene is generated from a different active site. Finally, 1-propanol has
a distinct '3C fraction from ethylene or ethanol/acetate which strongly
suggests that this product is produced by another active site [26]. Simi-
larly, Yanwei et al. [149] synthesized 0 enriched oxide-derived Cu
catalyst by 80 labeling technique (Fig. 7¢). The oxide-derived Cu cata-
lyst exhibited higher Cy/Cg selectivity (60.1%) and lower selectivity to-
wards C; products (6.5%) as compared to planar Cu catalysts as shown in
Fig. 7d. They attributed the high C5/C3 product selectivity to high density
of grain boundaries as previously reported by Kanan and co-workers. All

these findings conclude that oxide-derived Cu catalysts show better C,
product selectivity as well as current density than planar Cu foil or Cu
catalysts due to either grain boundaries or residual oxygen [149].

4.3. Oxygen vacancy

Oxygen vacancies over the catalyst surface are perceived to enhance
ethylene production by promoting the adsorption of *CO and *COH in-
termediates, subsequently facilitating the release of *CHj, which is a
crucial intermediate for Cy, products. The oxygen vacancies could be
created with other oxygen-enriched compounds like ceria. Patra et al.
[218] generated oxygen vacancies by introducing CeOs in the Cu catalyst
and found that various calcination temperatures generate various oxygen
vacancies that have different product selectivity. The porous structure of
the bimetallic catalyst was demonstrated by HR-TEM subsequently
leading to the polycrystalline nature of the catalyst. The single Cu atom
and CeO; in HR-TEM is difficult to distinguish due to similar lattice
spacing parameters (3.1 10\) [219]. The existence of the Ce®t and oxygen
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vacancies were attributed to the higher electrocatalyst performance
using the Cu/CeO; catalyst; the oxidation states were further verified by
XPS analysis. The various ceria oxidation states ce3t (Ag) and ce*t (Ap)
were associated with three-fold and four-fold oxygen vacancies, respec-
tively. The highest FEs of Cy, product for Cu-CeO5 (4%) were obtained at
—1.50 V (vs RHE). The number of oxygen vacancies from the O 1s spectra
can be calculated from Eq. (1) [220,155]:

1

1A,
I 100

Oxygen vacancy (%) = v
s L

@™

Similarly, Lim et al. [86] showed that CD and FE of Cu catalyst
increased when 4.0% ceria is added to the catalyst due to the generation
of oxygen vacancy. For example, it has been found that more unsaturated
adsorption sites caused by oxygen vacancies improved the adsorption of
*COH. In addition, DFT calculation indicates that CuO-V, has lower
adsorption energy for the intermediates than for a single CuO; which
produces higher product selectivity and current density (low 3D Tafel
plots) [215]. Regarding surface modification, lithiation is one of those
techniques in which atomic scale spacing between two facets of Cu-NPs
enables higher CO2RR activity. The atomic spacings were created by
inserting CuO,-NPs into the electrochemical lithiation. The removal of
lithium oxide from the NPs generates defects in NPs, which were verified
by 3D tomography and STEM images [101]. The lithiation process is
performed at various potentials resulting in different atomic spacings
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among the facets. This atomic space creation enhanced C-C coupling for
the CO2RR and improved ethylene and ethanol production by up to 80%
which is higher than the normal copper catalyst.

4.4. Halide-derived Cu NPs catalyst (HD — Cu NPs)

These catalysts are derived from halides containing Cu cations and
halide anions. It has been noted that Cu catalysts based on halides exhibit
greater stability compared to oxide-derived catalysts. This stability is
attributed to the significant electronegativity contrast between halides
and oxygen [155]. Owing to this large electronegativity difference, stable
Cu-halide compounds dissociate into more Cu' species which is
considered a significant factor in the formation of Cy, products [147,
221]. Halide ions adsorbed on the catalyst surface increase its catalytic
activity by surface reorganization as well as by modulation of catalyst
oxidation states. The oxidation state of the catalyst active sites defines the
ease of COg activation [222]. It is well known that halogens have high
electronegativity and tend to show distinctive electronic structures. A
potential scenario is that the electrophilic atom in the substrate will be
immediately contacted by the nucleophilic halogen atom, which will
assist in activating important intermediates. On the other hand, the Cu
surface's adsorption properties of halogen ions would promote the elec-
tron transfer from Cu to halogens, stabilizing the Cu®* species. For
instance, Qiao et al. synthesized iodide-derived copper (ID-Cu), with a
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trace amount of iodine species on Cu surface. The presence of negatively
charged iodine species with positive Cu enhances the adsorption of in-
termediate thus leading to greater ethane selectivity of 72% at —1.6 V
than oxide-derived copper catalyst (27%) [223]. However, halide ions
can maneuver the activity and selectivity of Cu catalysts. The addition of
Cl” and Br~ yields CO selectivity whereas I ion addition results in
methane formation up to 6 times compared without halide added elec-
trolyte [224]. In a related work, it is observed that fluorine-doped Cu
catalyst (F-Cu) yields significantly improved FEc, up to 70.4% at —0.97
V (vs RHE). This improvement was mainly attributed to *CO
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intermediate behavior on F-Cu catalyst which stabilized on
fluorine-doped Cu catalyst for further C-C coupling instead of escaping as
gaseous CO [225].

Hori et al. synthesized a single crystal (211) facet of Cu catalyst which
reveals the formation of Cy products (79.5%) particularly CoH4 having
FE of 50.9% at —1.38 V and —5.0 mA cm 2. However, the commercial-
ization of single-crystal catalysts is very challenging owing to its complex
and uneconomical synthesis procedure [63]. Similarly, at a current
density of —40 mA cm 2, with FEgy, products is above 60%, as reported
by Jiang et al. [221]. FE of Cy, products obtained at —1.1 V was 57%,
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which is almost 4 times higher than Cu NWs under similar operating
conditions [147]. The formation of Cyp; products, especially ethylene,
was further corroborated by DFT calculations, which showed that the
adsorption of *COCOH species on Cu catalysts enhances ethylene for-
mation while suppressing HER [147]. The generation of C; products is
caused by anodic halogenation of Cu foil because it produces more active
sites and surface roughness. These active sites can take the form of step
atoms, under-coordinated atoms, or crystal grain boundaries [83]. The
higher surface roughness might have negative effects on the performance
if the halogenation time is too long due to an intense rough surface which
increases the roughness factor resulting in the formation of HER.
Therefore, the optimized roughness factor is calculated through the
double-layer capacitance method which might be effective in considering
the halogenation time [226]. To investigate the roughness factor and
defect site, Kim et al. [227] synthesized high-density defect sites and
rough Cu foil in cathodically halogenated (oxide is formed) in a KHCO3
electrolyte to produce Cu-halogenated catalysts, which are subsequently
reduced via an electrochemical reduction process (Fig. 8a). The respec-
tive Cu-X (where; X = Cl, Br, I) were synthesized by immersing them into
their corresponding 0.1 M KX solution against Cu foil as an anode;
demonstrates a high defect density and low roughness favors the for-
mation of Cy products particularly ethylene (FE = 72%). The maximum
FE of Cy, at Cu foil was 25% (Fig. 8b) which was increased to 51% using
Cu-KBr (Fig. 8c). The overall Cy, products faradaic efficiency obtained at
—1.20 V (vs RHE) was 75%. The enhanced Cy, product was ascribed to
the elevated active site density on the surface and the elevated roughness
factor resulting from the extended halogenation process [227].

Later Wang et al. [228] synthesized various types of nanostructures
(Fig. 8d) using three different halide precursors (Cu nanocubes using
CuCl, Cu nano-dendrites using CuBr, Cu nanofibers using Cul) to check
the halide effect on product selectivity [228]. The nanostructured Cu
halide catalysts exhibited superior performance compared to Cu foil,
achieving a higher Faradaic efficiency (FE) of 42% towards formates at
—0.82 V vs RHE. FE¢y, was less than 10% for Cu foil at —0.75 V vs RHE
but increased to 60% on Cu nanofibers (Cu-NFs) (Fig. 8e). Furthermore,
the stability of Cu-NFs was tested for 8.5 h (Fig. 8f) with a current
density of —30 mA cm ™2 and FEcope = 30%. The improved electro-
chemical performance of the nanostructured Cu halide catalyst can be
attributed to rough structure and their distinct morphologies [228].
Furthermore, theoretical calculations and experimental findings
concluded that halide may directly affect the binding strength ability of
the intermediate species thus directing the reaction pathways of Cy
product. For instance, Ma et al. investigated hydrogen-assisted halo-
gen-modified copper catalysts, which revealed that fluoride ion on Cu
catalysts accelerates *CO to *CHO hydrogenation, reducing the Gibbs
free energy of *CHO formation by 0.31 eV. *CHO species further un-
dergo through C-C coupling, resulting in Cy, products(80%) at a higher
current density of —1 600 mA cm~2 [229]. Although substantial prog-
ress has been made in halide-derived Cu catalysts, still optical areas like
identifying key mechanisms of halide-based catalysts and modulation
of electronic structure need more depth-profiling analysis. Thirdly,
metal halide remains unstable; to encounter this issue, halide-doped
carbon material could be employed with electrocatalysts to improve
its stability in an alkaline environment.

4.5. Heteroatom doping of Cu-based catalyst

The addition of molecules or coating of an element on Cu surface has
significant importance in altering the binding energy for an intermediate
and improving the hydrophobicity of the catalyst to enhance mass
transportation. The stabilization of CO2RR intermediates by the adsorp-
tion of certain molecules to the Cu surface improves the stability and
selectivity of the intended products [54]. Besides Cu" species stability,
the dopant enriches the active site as well as strengthens the binding
energy of *CO towards Cy . product reduction. For instance, the insertion
of a p-block element i.e., Gallium (Ga) into Cu results in p-d hybridization
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which not only enriches the active sites on Cu surface but also
strengthens the *CO intermediate, thus facilitating C-C coupling for Cy
products. The CuGa exhibited excellent electrochemical performance
with 81.5% Cy., FE at a remarkable current density of 900 mA cm™?2 as
shown in (Fig. 9a and b). The highest current density shows the fast re-
action kinetics of the Ga-doped Cu catalyst. Density functional theory
calculation confirmed that *CO, adsorption energy (—0.73 eV) on CuGa
is much lower than that on pure Cu (—0.37 eV), indicating CO, molecules
to be adsorbed easier on CuGa than on Cu surface. The free energies of
*CO and *OCCO formations on CuGa were found to be 0.31 and 0.72 eV,
while those for Cu surface were 0.66 and 1.24 eV respectively. These C-C
coupling calculated values on the CuGa surface are almost half of the
pure Cu surface value, indicating the significant impact of dopant on Cu
catalyst activity and productivity [230]. Tandem electrocatalyst or het-
eroatomic catalyst decouples the chemically complicated pathway of Cy
generation especially at high rates. For instance, Ag enhances to convert
CO;, reduction to CO in the first step and then CO enriched environment
over Cu catalyst favors C-C coupling for Cy; products in Cu-Ag tandem
catalyst. Fig. 9c shows that the partial current density of Cy, products at
—0.7 V vs RHE increased from 37 to 160 mA cm™2 for Cus00-Ag1000
tandem catalyst, which is almost 4 times higher than a single Cu catalyst.
Similarly, the partial current density enhancement factor for ethylene,
and ethanol on Cusgg-Ag1000 catalyst increased up to 3.5, and 5.5 times
for ethylene, and ethanol respectively (Fig. 9d) [231].

Ding et al. reported a Cy,; product with FE above 70% at —60 mA
em™2 and - 0.80 V having 130 h stability using potassium dopant
(11.2%) CuySe array nanosheets. Potassium was reported as an electron
donor to Cu catalyst, making the intermediate easier to provide an
adsorption site. Moreover, DFT studies showed that the CuySe com-
pound's bond length increased from 2.516 to 2.629 A when a Cu atom
was substituted with a K atom, stretching the lattice parameter. K-doping
led to enhanced adsorption of key intermediates over the catalyst surface
such as linear *COy, and bridge *COp, thereby promoting C-C coupling
for ethanol production, even at a higher current density of —97.3 mA
cm 2 [232]. Similarly, Sun et al. [233] used a flow cell to produce the
single liquid product ethanol on a vanadium-doped (V-dopant) CusSe
nanotube catalyst. The current density effectively increased from —187.0
to —628.3 mA cm 2 on the Cuj 22Vp.19Se catalyst as the applied potential
rose from —0.60 to —1.30 V (Fig. 10a) [234]. Meanwhile, ethanol for-
mation on Cuj 22V 19Se catalyst occurred with a FE of 68.3% and a
partial current density of —207.9 mA cm™2 at lower applied potential of
—0.80 V, accompanied by negligible Hy production. In contrast, no
ethanol was observed for CuSe catalyst, with an abundance of Hy being
observed instead (Fig. 10b) [235]. The modification of active sites and
the prevention of Cu™ species from being reduced to CuO during CO2RR
were credited with the enhanced electrochemical performance that fol-
lowed the insertion of V** doping ions into CuySe lattice.

Similarly, the effect of Cu traces with various compositions (0 to
0.20%) was determined by introducing it into Pd;oTes nanowires. The
pure Pd;gTes catalyst enabled the total current density to elevate CD
from —2.70 mA cm ™2 to a peak value of —18.7 mA cm 2 at 0.10% Cu
loading using —0.98 V (vs. RHE) (Fig. 10(b—c)), which displays the FE¢o
to 92% (6.57 times greater than undoped nanowires); with the sup-
pression of HER at low Cu loading (Fig. 10d). FE¢o is maximum at 0.1%
Cu loading with least HER.

The effect of Cu amount traces on pure and doped nanowires was
investigated and found that Cu traces enhanced the current density and
FE of the reduced products. The dopant component not only increases the
electrochemical performance by increasing its electrochemical surface
area (ECSA) and morphology of the active catalyst but also the stability of
the catalyst for a long time. The effect of nitrogen doping in CusO was
proposed by Yan et al. [236], which reveals the higher current density
and product selectivity. The cubic morphology retains the abundance of
pores making its surface area larger than pristine Cuy0; thus making it
more favorable for higher CO, adsorption. The HR-TEM images
demonstrate the presence of (100) and (110) facets with a lattice distance



M.S. Hussain et al.

=
100- ) e E PrOH
T (I%ICOOH
80- B B B -
P~ — = EtOH
& 601 fG0oH
i =
CH,
it N Rl
CH,
20+ &
[ ]
H,
03 05 07 09 11
Current density (A/cm?)
(a)
250
—=— Cus0Ag 1000
200{ —a— Cugy,
S —v— AJi000
§ 1504 160 mA/cm?
£ 100-
50
37 mA/cm?
04 mamy N =
-0.5 -0.6 -0.7 -0.8
E (V vs RHE)

(c)

Fig. 9. (a) Product distributions of CO;RR on Cu at various current densities,(b) Co; FE values on different catalysts at 900 mA cm™

Nano Materials Science xxx (xxxx) Xxxx

100 »
0.9 Alcm
80
2 60-
w
L
& 40
($)
20 -
0- = N

\) G\)Ga

(b)

.,
1l jen,coor

T
2
X
S 4l
©
©
L 3.
)
©
£ 27
@
0
C 14
©
N =
c
LIJ e
-0.55 -0.6 -0.65 -0.7
E (V vs RHE)

(d)

2 current density [230], Copyrights

ACS ©2023, (c) Ca. products partial current density over Cusgo-Ag1000, Cisoo and Agiogo catalysts and (d) Enhancement factor for total Cy, and individual products
over different potentials (Enhancement factor: the ratio of tandem Cuspo-Ag1000 partial current density to Cujgo partial current density) [231], Copyrights Elsev-

ier ©2020.

of 0.21 nm which indicates that Cuy0 structure is retained after COoRR
[237].

The electrochemical performance enhancement was investigated by
the formation of AgO, and bimetallic AgO,/Cu,0 surface. The bimetallic
catalyst has a rough surface and the cluster of AgO, NPs was equally
distributed on its surface which was further verified by EDX (energy
dispersive X-ray spectroscopy) mapping. The bimetallic catalyst
demonstrated the maximum FE of 35% towards Cy, at —150 mAcm 2
and —1.0 V having 20 h (Fig. 10e). The effect of dispersed Ag in Cu
catalyst, was examined by Qi et al. [238] and reported that dispersed Ag
particles on Cu surface is having a significant impact on strengthening
C-O bond and lowering the activation energy for intermediates, and thus
results in 2-propanol synthesis [238]. Although Cu exhibits medium
adsorption energy for *CO (—0.78 V) which is suitable binding energy for
Co selectivity. However, the sluggish kinetics of C-C coupling renders
tremendous obstacles to its further application due to low FE and low
current density. To overcome these obstacles, core-shell Ag-Cu composite
catalysts with various amounts of Cu particles (2%, 5%, and 10%) have
been examined. It was observed that FE of Cy, products particularly
ethanol was 80.2% at a current density of —320 mA cm™2and —1.0 V (vs.
RHE) with significant stability of 60 h [160]. TEM (transmission electron
microscope) and SEM (scanning electron microscope) images described
the migration of Cu particles from the core part to the outer surface
[160]. The optimized loading amount of 5% was used over Ag NPs which
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reveals the FE of Cy = 60% at —1.0 V and —400 mA em 2 (Fig. 10f). The
combination of Cu catalyst with Ag-NPs enhances C, product concen-
tration. In addition, CO production at a higher current density shows that
Ag plays a significant role in its catalytic activity [231,160,239]. The
sensitivity of the Cu surface plays a crucial role in its performance,
influencing phenomena such as surface reconstruction or evolution
during CO2RR. These processes may result in altered atomic configura-
tions, surface oxidation states, and electronic structures [161,240].
Copper has moderate *CO binding energy (—0.78 eV) on its surface and
has the disadvantage of poor selectivity among the Cy products [241].

4.6. Copper facets

The effect of various facets and grain boundaries affects the catalyst's
performance and morphology. The correlation between the various
morphologies and facets of Cuy0 catalysts (Fig. 11a to f) has been pre-
sented by Yang et al. [212]. The highest number of facets and grain
boundaries have large CO, reduction peaks and the smallest Tafel slope
value, indicating the reactivity towards COsRR. In addition, CO2RR re-
quires low energy and high reaction kinetics. Cu facets including (100),
and (111) (Fig. 11g and h) are active for higher ethylene (FE = 57%)
production and low hydrogen evolution reaction with higher kinetics
(low Tafel slope) [212]. These facets have specific morphologies and are
selective towards specific product selectivity. This study emphasized the
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creation of active facets through an etching process to synthesize Cu
nanocrystals for CO2RR. These facets have the potential to adsorb *CO on
its surface with the minimum possible binding energy. Experimental
adsorption studies have revealed that Cu(111) can stabilize CO*
coverage up to 0.44 monolayers (ML), which is comparatively lower than
the values of 0.57 ML and 0.60 ML observed on different facets of Cu
(100) and(110), respectively. Thus high coverage of *CO was likely to
create larger probabilities of C-C coupling and subsequently larger C,
product selectivity [242]. Since CO dimerization is one of the dominant
pathways for Cy formation, Cu (100) has the lowest electronic energy
barrier for the dimerization of CO, which is consistent with *CO coverage
findings, whereas Fig. 11i to j illustrates CO2 on Cu surface at different
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stages of the reaction (initial, transition and final) with required energy
path diagram.

It has been observed that Cu (100) facet catalyzes the conversion of
CO2RR to Cg product significantly faster than Cu (111) while being less
stable in the crystalline phase [246]. Similarly, Bingqain et al. prepared
various Cu crystal facets forming different morphologies including cubic,
octahedron, urchin, and truncated CuyO nanostructures to figure out the
product selectivity and FEs of these nanostructure crystal facets. Each of
these nanoparticles has different product selectivity since each of them is
enclosed by various crystal facets like cubic (100) facets, octahedron
(111) facets, truncated (100), and (111) facets, and urchin-like
morphology (222) crystal facets [247]. The comparison of these facets
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Fig. 11. SEM image of different shapes
of Cu,0 catalysts named (a-f) Cu,0, (a)
Cubic (a-Cu,0), (b) Corner-cut cubic (b-
Cuy0), (¢) Truncated octahedral
(c—Cu,0), (d) Octahedral (d-Cu,O) (e)
Star-shaped (e-Cu,0), (f) Star-shaped (f-
Cuy0) [243], Copyrights Wiley ©2022.
(g) FEcous of the prepared catalyst at
—1.30 V vs. RHE [244], Copyrights
Elsevier ©2023, (h) CO adsorption en-
ergy calculations over Cu (100), Cu
(111), and Cu (110) surfaces as a func-
tion of CO* coverage [242], Copyrights
ACS ©2017 and (i—j) CO dimerization on
Cu (100) for the energy barrier calcula-
tions [245], Copyrights Elsevier ©2016.
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indicates the fragmentation process during the reaction enhanced grain
boundary formation and lattice fringes; subsequently leading to
enhanced CO2RR performance [248] and stability [30].

Durand et al. [249] investigated various Cu facets and found that in-
termediates in CO; reduction are stable by the decreasing order of FCC
(211) > FCC (100) > FCC (111) facets. Initially, methane was identified as
a major product when using the (211) facet, accompanied by minor pro-
duction of Hy, CO, and formic acid. Later research revealed that Cu (111)
facets contributed to the generation of an intermediate COH*, which
promotes the synthesis of ethylene and methane. The applied potential
and the CO* coverage are both necessary for the creation of this inter-
mediate. For example, Cu(100), primarily promotes the synthesis of CHO*
intermediate at low overpotentials, which in turn causes the C-C coupling
of two CHO* species to produce ethylene, which is then followed by a
sequence of reactions leading to Cy species formation [98,250].

1 2

reaction path [A]

15

(i)

5. Reaction mechanism for Cy products

Generally, the reaction mechanism to produce C; and Cy, products is
extremely complex due to the multiple proton-electron transfer path-
ways, high energy barrier for C-C coupling reaction, wide range of in-
termediates, physicochemical properties of the active catalyst surface,
nature of electrolyte and reaction environment. More specifically, COy
molecule is first reduced to *CO intermediate which is the key interme-
diate followed by *CHO, *COH, *COCO, *OCCHO, or *OCCOH, while the
final product is determined by their binding strength on Cu surface [82].
The suitable Cu catalyst is the one that lowers the energy barrier by
stabilizing the intermediates. The first intermediate species *CO dimer-
ization is rate determining step during CO2RR to Cy, due to *CO-*CO
coupling. Thus, stable, and high coverage of *CO binding on the catalyst
surface is crucial for Cy; which suggests that *CO is a prerequisite for
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further intermediates such as *COCO, *OCCHO, or *OCCOH. Regarding
C; products, the adsorption of CO, onto the catalyst surface has been
observed, leading to the transformation of the gas into *COOH or *OCHO
intermediates, which are important for the synthesis of CO and HCOOH,
respectively [86]. *CO species can either participate in a C-C coupling
process with other *CO species to make Cy; products like ethanol,
ethylene, and n-propanol, or it can strongly adsorb on the catalyst surface
to produce C; products through hydrogenation to CH4 [86]. The initial
adsorption of CO2 molecules occurs in two possible ways i.e.,
proton-electron-coupled transfer (Eq 2) or electron-initiated CO5 binding
step (Eq 3).

*CO, + ¢ + H" — *COOH @
*COy + ¢ — *COy 3)
*COOH + ¢ + H™ - *CO (@)

The CO-, activation follows Eq. (2) on copper catalyst. Then *COOH
intermediate is reduced to CO in the following step (Eq. (4)). According
to the binding strength of *CO, it is either desorbed to form CO product or
undergoes hydrogenation to *CHO or dimerization to *COCO to form Cy
or C3. Recently, propanol was synthesized by CO,/CO co-feed mecha-
nism. In-situ Raman spectroscopy confirmed the unique CO-CO»
coupling path toward propanol (FE: 25.7%) formation [251]. In similar
work, Fan et al. investigated C-C coupling step between adsorbed *CO
and *CHO species was more energetically favorable with barrier energy
—0.83 V on a positive strain of +4% Cu (111) surface. On the contrary,
the barrier energy for C-C coupling between adsorbed *CO and *COH
was —0.47 eV on the negative strain of —4% Cu(111) surface [252].
Similarly, ions in electrolytes, especially halogen (F~, Cl7, I" etc.), have
been shown to improve CO2RR performance of copper catalysts. The
extended X-ray fine structure spectra (EXAFS) presented a Cu-O bond
length of 2.15 A, which matches the bond length of adsorbed ethoxy
intermediate (Cu—-OCH3CHj3). Using potential-dependent Raman spectra,
symmetric —-CHy and —CH3 stretching was identified at 2890 and 2920
em™! [253]. Such intermediate participated in a selectivity-determining
step that occurred later in ethane or ethanol production. Furthermore,
the authors proposed that fluorine on the surface of the copper catalyst
lowered the energy barrier of C-C coupling through two *CHO di-
merizations and that the rate-determining step is the hydrogenation of
*CO to *CHO, which is arguably not common. The in situ FTIR (Fourier
transform infrared spectroscopy) reveals that the band at 1 754 cm™!
could be attributed to *CHO species. Fluorine was also effective in
assisting water activation and enhancing CO adsorption [253].

Among Cy, products, ethylene, ethanol, and ethane are very impor-
tant owing to their higher energy density and their wide applications
[140]. Four general steps can be used to describe the formation of Cy
products: (i) adsorption of CO3 resulting in the formation of *CO; (ii)
coupling reactions forming C-C bonds; (iii) additional post C-C coupling
reactions; and (iv)desorption of products. Because of the occurrence of
the undesirable hydrogen evolution reaction (HER) and the large acti-
vation energy needed for C-C coupling, the generation of Cy, or Cy
products is complicated. Numerous review articles have provided an
overview of this complexity [90,233,157]. C-C coupling could be
explained by two mechanisms; the Eley-Rideal mechanism (E-R) [254],
and the Langmuir-Hinshelwood (L-H) mechanism [255]. The reactant in
the former mechanism is CO while the catalyst surface adsorbs CO in the
latter mechanism.

The energy barrier for C-C coupling is higher for the Ethylene-
Ruthenium mechanism compared to that of the Leffler-Hammond
mechanism, leading to the formation of Cy,; products. L-H process,
associated with these products, entails the creation of an easily hydrated
*Co0, intermediate [256,257]. There is still a debate regarding the C-C
coupling mechanism, which is affected by several variables such as the
applied potential, the presence of cations, tensile strain, and *CO partial
pressure. The *CO coverage is especially significant since it is essential in
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lowering the activation energy required for *CO dimerization [257-259].
Although C; products are comparatively easier to form; owing to their
low energy barrier and convenient reaction pathway, C, products are
more important around the world due to their higher energy density and
market demand. For instance, ethane (65.8 MJ/m3) has surpassed
methane (35.6 MJ/m3), ethylene (1.32 MJ/mol), and ethanol (1.24
MJ/mol), owing to their higher energy density aforementioned products
can be used as hydrocarbon fuel [223]. Cu catalyst has been extensively
investigated for Cy products, which can produce versatile products
including hydrocarbons, oxygenates, and alcohols. Kuhl et al. [81] syn-
thesized sixteen products via CO2RR on Cu catalyst using a traditional
H-cell reactor which strengthens the versatility feature of the Cu catalyst
regarding product selectivity. Among all those products, ethylene,
ethanol, ethane, and acetaldehyde are particularly important C, products
due to their significant and widespread applications.

The mechanism of ethylene formation in CO2RR is still under debate.
However, there are two proposed pathways based on overpotential on a
single Cu atom. It was assumed in the earliest studies [56] that ethylene
formation occurs mostly due to direct coupling of CHo—CHy, while recent
investigations revealed that *CO dimerization leads to ethylene forma-
tion. The local *CO concentration in the Cu-Ag catalyst was attributed to
the low free energy of *COOH which facilitated the *CO production and
the *CO spillover effect led to ethylene formation. It is observed on Cu-Ag
tandem catalyst that the energy barrier(—0.61 eV) of *CHyCHO to
*CHoCH, (ethylene reaction pathway) is lower than the energy barrier
(—0.19 eV) of *CH,CHO to *CH3CHO (ethanol reaction path), thus fa-
voring ethylene formation instead of ethanol on CuAg Nano wires cata-
lyst [260]. Furthermore, multiple reports have consistently indicated that
the formation of ethylene is not influenced by pH [56]. This indicates
that the rate-determining step of ethylene formation does not involve
multiple electron protons interaction, unlike methane; which is
confirmed by differential electrochemical mass spectrometry (DEMS)
techniques used to investigate C-C coupling step [79]. They concluded
that the first step of C, pathway was CO-CO coupling, followed by pro-
tonation (CO-CHO) to produce a surface-bonded enediol or enediolate,
or an ox-metallacycle species, which explains the selectivity toward
CoHy. Using differential electrochemical mass spectrometry (DEMS),
they put forth two different processes for the synthesis of CoHy with
different overpotentials. The rate-determining step (RDS) of CO-CO
coupling on the Cu (100) facet participates in the low-overpotential
pathway, but the high-overpotential pathway uses the same RDS inter-
mediate as CH4, which occurs on both Cu (100) and (111) facets.
Furthermore, the presence of Cu facets (111) or (110) enhanced selec-
tivity towards ethylene. FE of ethylene was influenced by the CuyO
crystal size; as the crystal size decreased from 41 nm to 18 nm, FE of
ethylene increased from 10% to 43%, demonstrating the particle size
impact on CO2RR [261].

To explore further deep insights into the various morphology and
facets that could affect the performance and hence the reaction mecha-
nism. Cu (100) facets promote ethylene production by *CO dimerization
and Cu (111) favors methane formation [262]. For instance, Yao et al.
[263] stabilized Cu(100) facets with thiol molecule (CuO-SH), owing to
its stronger binding ability. The Thiol-modified CuO(CuO-SH) resulted in
4 times more Cy; products (FEco; = 79.5%) than the original CuO
electrode (FEca; = 16.9%) with a remarkable current density of —304
mA cm 2 at —1.2 V potential. In addition, Koolen et al. reported a
non-equilibrium synthesis of nano-surface alloys (NSAs) with adjustable
size, shape, and composition, even at temperatures below or equal to 80
°C, without considering miscibility [264]. Density functional theory
(DFT) calculation of activation energy barriers of asymmetrical C-C
coupling occurring between *CO and *CHO attributed this significant
increase in FEs to the thiol-stabilized Cu(100). Regarding Cu morpho-
logical effect, density functional theory revealed that the defective
Cu(111) surface results in a lower energy barrier of up to 110 meV during
the *CO+*CO— *OCCO step than that of the non-defective Cu(111)
surface. Thus, the lower energy barrier for defective Cu(111) results in
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higher ethylene formation (FE: 83%) than non-defective Cu(111) [176].
Numerous morphologies of Cu catalysts have been reported yet but the
three morphologies including spherical, cubical, and octahedral are
presented in Fig. 12a to ¢ [265]. The cubic nanocrystals with Cu (100)
facets exhibited ethylene production with FE of 57%, whereas Cu
nanocrystals with Cu (111) facets achieved FE of 51% towards methane
formation (Fig. 12d). XRD (X-ray diffraction) analysis of the corre-
sponding catalyst verified that Cu(cubes) has the highest quantity of the
Cu (100) facets (Fig. 12e), which could be attributed for higher pro-
duction of ethylene. Therefore, it is evident that the development of
favorable Cu facets plays a critical role in enhancing ethylene production
during CO2RR. Furthermore, with the addition of an Al;O3 layer to cover
the competing facets Cu (111) and Cu (100), the relative surface area of
Cu (100) is enhanced, resulting in a significant increase in ethylene
production, resulting in an FE of 60.4% which is 22 times higher ethyl-
ene/methane ratio compared to pristine Cu-NCs (Fig. 12f). Later Wang
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et al. explained the remarkable increase in the production of ethylene
using various copper facets through the electrodeposition (Fig. 12g)
under CO, atmosphere as compared to the electrodeposition of Cu-HER
catalyst in an Ny atmosphere [30].

Based on density functional theory (DFT) calculations, it has been
determined that the transfer of the first electron necessitates a large
negative potential energy, making it the rate-determining step in the
process. The potential pathways for ethylene formation include (i) The
adsorption of *CO which undergoes hydrogenation, resulting in the
formation of a carbene (*CHy) which then undergoes dimerization,
leading to the production of ethylene. (ii) The other pathway commenced
with the dimerization of the adsorbed CO, which was subsequently fol-
lowed by an electron-proton transfer yielded ethylene formation [267].
Three widely accepted pathways for the formation of ethylene are the
dimerization of *CO, the coupling of two *CH, species (carbene mech-
anism), and the insertion of CO in *CHO species. These insights into the
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intermediates adsorption over Cu(100) [266], Copyrights Springer Nature ©2020.
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CO3 reduction mechanism towards Co products are based on DFT and
advanced operando spectroscopy as below in Fig. 13a [268]. Fig. 13b
depicts two reaction pathways to produce ethylene based on the differ-
ence in the pH value. The pH-independent pathway, which has only one
intermediate to form the selective product, and has higher energy bar-
riers offers advantages in the reaction kinetics [269].

The synthesis of ethylene and ethanol is represented by a mechanistic
computational model (Fig. 13c), in which the proton-electron transfer is
the initial step leading to the surface moiety *COOH. *CO species is
produced by further reducing the adsorbed species, and this moderately
adsorbed *CO species is then hydrogenated to produce methane or
dimerized to produce *CyH,O3, which creates ethylene and ethanol [67].
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Goodpaster et al. [100] revealed that ethanol is more favorable on Cu
(100) at low overpotentials, whereas ethylene and methane are formed at
higher overpotentials. In contrast, ethylene and methane are produced on
Cu (111) surface at all potentials. DFT calculations revealed that *COCO
dimer formation drives low overpotential C-C coupling, while *CO with
*CHO enhances high overpotential C-C formation (Fig. 13d) [270]. The
work on ethanol production from CO2RR reported previously is sum-
marized in Table 6.

Several strategies have been adopted to determine the ethane for-
mation mechanism. The effect of grain boundaries on the production of
ethylene and ethanol was investigated by Chen et al. [72] and the re-
action mechanism using ATR-FTIR. The hydrogenation of CoHy4 to CoHg is
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Fig. 13. Graphical representation of the proposed mechanism for ethylene production using Cu;0/O-CNTs [268], Copyrights Elsevier ©2023, (b) Proton-dependent
mechanism and proton-independent pathway [269], Copyrights Elsevier ©2016, (c) Proposed mechanism for eCO-RR to ethylene and ethanol on Cu [67], Copyrights
ACS ©2015, and (d) Possible mechanisms on the surface of Cu from *CO ( red color indicates the most suitable mechanism) [270], Copyrights ACS ©2019.
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Table 5
Summary of CO,RR based on Cu nanocrystal catalyst for the formation of
ethylene.

Catalysts Electrolyte  Ethylene Current Potential Ref.
FE (%) Density (vs RHE)
(mA/ \%
cm?)
Cu (711) foil 0.1 M 51.0 2.55 -0.54 [210]
KHCO3
CuyO/ILGS 0.1 M 31. -1.15 [152]
KHCO4
240 nm Cu cubes 0.1 M 45.0 34.8 -1.0 [95]
pre-treated with KHCO3
O, plasma
Truncated- 0.5M 59.0 37.0 -1.10 [266]
octahedral Cu,0 KHCO3
Nano defective Cu 0.1 M 83.2 58.8 -1.18 [176]
nanosheets K»S04
Zr0,/Cu-Cuy0 0.1 M KCl 62.5 24.0 -1.28 [271]
44 nm Cu nano- 0.1 M 41.0 3.0 -1.10 [99]
cubes KHCO3
CusN nano-cube 0.1M 60.0 30.0 -1.60 [272]
KHCO3;
Electro 0.1 M 38.0 22.0 -1.0 [92]
redeposited Cu KHCO3
Graphite/carbon 7.0MKOH 70.0 100 -0.55 [273]
NPs/Cu/PTFE
electrodes)
Cu,0 nano-cube 0.25 M 32.0 N.A. -1.10 [266]
KHCO3
Cu nanocrystals 1.0 M KOH 67.0 217 -0.63 [274]
Cu-oleyl amine 1.0 M KOH 54.0 186 -1.0 [275]
NPs
Cu/'CeOy 1.0 M KOH 65.5 50.0 -1.50 [276]
nanotubes
CuO nanoplate 0.5 M KCI 84.5 200 -0.81 [277]
Cu-Ag 0.1 M 60.0 300 -0.70 [278]
KHCO3
Cu hollow multi- 0.5M 77 .0 513.7 -0.90 [279]
shell structure KHCO3
Au @ Cu 0.1 M 449 32.1 -1.11 [280]
KHCO3
Ag 65-Cu35 0.1 M 54.0 15.1 -1.20 [259]
KHCO,
Cu,0/NRGO 0.1M 19.7 12.0 -1.40 [256]
KHCO3
Electrochemical 0.1 M 27.0 - 17.5 -1.10 [91]
fragmented KHCO3 57.3
Cu0
nanoparticles
Cu,O/NCS 0.1M 24.7 10.3 -1.30 [281]
KHCO3
CuyO film on Cu 0.1 M 40.0 N.A. -0.99 [671
KHCO4
CuO/Al;CuOy4 0.1 M 82.4 421 -0.99 [282]
KHCO3
Branched CuO 0.1 M 68.0 25.3 -1.05 [25]
nanoparticles KHCO3
250 nm Cu cubes 0.1 M 48.0 N.A. -1.03 [283]
on Cu foils KHCO3

NA* = not available.

increased from 16% to 45% when CuyO-derived Cu is applied in the
presence of potential (Fig. 14a). The ethane production was further
analyzed using several experiments (Fig. 14b) at various current densities
[771. The selectivity of ethane formation is almost negligible, and ethanol
is the dominant product. Song et al. [267] investigated the mechanism of
ethanol production using DFT calculation. The selectivity switched to
ethylene, ethane, n-propanol, and ethanol at constant potential by
varying the length and density of nanowires (Fig. 14c to d)). However,
Yang et al. [187] prepared Cu mesopore electrodes with controlled
morphology (Fig. 14e to i) and found higher ethane selectivity on Cu
mesopore electrodes having higher pore size and enhanced depth [187].

19

Nano Materials Science xxx (xxxx) Xxxx

The reaction kinetics behind the proposed morphology were analyzed by
specific activities and further confirmed by thermodynamic studies. The
morphology affects the C-C coupling reactions and the pH of the reaction
[187].

6. Conclusion and future perspective

The eCO2RR via Cu catalyst into hydrocarbons including C; and Cy
has gained significant importance in maintaining carbon neutrality.
However, commercialization has been limited because of the following
challenges.

o A higher amount of energy (—1.90 V vs SHE) is required to adsorb
CO, molecules on the surface of the catalyst to form a CO?~ inter-
mediate which is considered a rate-determining step to initiate the
reaction resulting in the large overpotential for the reaction.

The limited mass transfer in electrolytes and sluggish reaction ki-
netics of CO5 reduce its reaction rate.

eCO2RR produces a mixture of liquid and gaseous products, which
makes it challenging to separate the products economically. The
stability of the electrocatalyst so far reported is less than 100 h but
there are limited catalysts that show higher stability owing to the
blockage or poisoning of active sites, and formation of by-products
(HER or carbonate/bicarbonate formation).

OER (oxygen evolution reaction) and ORR (oxygen reduction reac-
tion) occur easier than CO, reduction, which is difficult to quantify
based on the reactor system, making it difficult to predict the actual
mechanism behind the byproduct formation.

Considering the practical applications and commercialization of
CO2RR, the following requisites should be considered during the catalyst
design strategies: (i) higher current densities (>—200 mA cm’z) and fast
reaction rates which allow one to produce large quantities of products
with a small electrode size; (ii) increased product selectivity which is
beneficial for improving feedstock utilization and lowers the downstream
separation costs; owing to the high FE; (iii) high energy efficiencies
yielding low onset potential which reduces the energy consumption and
operating costs; (iv) high single-pass conversion is a promising parameter
to determine the cost of product separation and recovery; (v) long-term
stability for the practical applications, which is typically required in
the CO2RR process. The mechanism behind the Cy product formation
involves multi-proton electron transfer during CO,RR making it more
complicated by yielding other side products over the Cu surface. Ad-
vances in the in-situ techniques including ATR-FTIR, XAS (X-ray ab-
sorption spectroscopy), and Raman spectroscopy might be considered for
the determination of intermediates. One of the major hurdles in elec-
trochemical CO2RR is the production of the products at higher potential
(>—3.0 V) and low current density (<—100 mA cm ™). Although Cu
catalysts can produce a wide range of products, the FE of these products is
not enough for practical applications. One of the reasons is the produc-
tion of hydrogen which is the only competitive reaction occurring at
lower potential. To suppress HER, different strategies could be adopted,
including high pressure, appropriate membrane selection, electrolyte
concentrations, cationic size of the electrolyte, and local pH values. In
addition, the development of certain materials including MOFs, SACs,
interfaces, and polymer-incorporated Cu catalysts would be effective for
the conversion of CO, into hydrocarbons which would increase the FE
towards Cp; products. In addition, understanding the reaction mecha-
nism for Cy products could be effective through DFT calculations and in-
situ characterizations, which could explain the active sites for efficient
electrochemical reactions.

Plenty of work has been invested into creating the best catalysts for
CO2RR, but much more research is required to comprehend the mecha-
nism of degradation, morphological modifications, and working mech-
anisms. Due to the complexity of CO2RR, it is difficult to understand the
inconceivable variations by the ex-situ characterizations in the
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Table 6
Summarized paper on ethanol production on Cu-based catalysts.

Catalysts Electrolyte Potential (V vs RHE) Current density (mA/cm?) Ethanol FE (%) Reactor type Reference
Cu-DAT-wire 1.0 M KOH —0.69 275 27.3 Flow cell [284]
HKUST-1/CAU-17 blend 0.5 M KHCO3 -0.21 20.0 28.3 H-type [285]
CuyZn 0.1 M KHCO3 —1.05 28.2 29.1 H-type [286]
Electrodeposited CusZn 0.1 M KHCO3 -1.05 8.20 29.1 H-type [287]
Fe-TPP[Cl] immobilized on Cu 1.0 M KHCO3 -0.82 124 41.2 Flow [266]
Cuy0 NWs/Ag NPs composites 0.1 M KHCO3 -1.10 25.1 16.5 H-type [288]
Cu-Ag alloy film 1.0 M KOH -0.70 310.8 25.9 Flow cell [278]
O2-plasma-treated Cu nanocubes on Cu foil 0.1 M KHCO3 -1.05 50.0 22.0 H-type [289]
Cu,0 nanocubes on Cu foil 0.25 M KHCO3 —0.96 68.0 12.5 H-type [221]
Cu,0 film 0.1 M KHCO3 —0.99 35.0 16.3 H-type [290]
Fast-cooled CuO 1.0 M KOH —1.05 356 35.7 Flow cell [291]
Densely packed Cu NP ensemble 0.1 M KHCO3 —0.86 20.4 16.6 H-type [292]
N-doped carbon coated on CuO) 1.0 M KOH —0.68 10.0 52.3 Flow cell [280]
Cu (310) 0.1 M KHCO3 —1.42 vs SHE 5.0 29.9 H-type [63]
RuPC/NPC 0.5 M KHCO3 -0.97 0.80 27.5 H-type [258]
Cu NPs/N-doped nanodiamond 0.5 M KHCO3 —0.50 0.70 28.9 H-type [293]
Phase-blended Ag-Cu,0O 0.2 M KClL -1.20 3.0 34.1 H-type [187]
HKUST-1 0.5 M KHCO3 —0.9 V vs Ag/AgCl 10.0 10.3 H-type [96]
Cu (Ag-20)20 0.1 M KHCOg3 -1.10 25.1 16.5 H-type [288]
Grain-boundary-rich CuO 1.0 M KOH -1.30 45.0 31.7 H-type [294]
Cu NPs on N-doped carbon nano spikes 0.1 M KHCO3 -1.20 NA 63.0 H-type [267]
Cu@AIL 1.0 M KOH -1.31 1800 38.6 Flow cell [295]

NA* = not available.

morphology and oxidation states on exposure to the air. The identifica-
tion of active sites increases as the electrode's surface area increases,
potentially leading to an increase in the interactions between the elec-
trode and electrolyte as well as an increase in current density. Moreover,
the cost of separating products may be decreased by using solid elec-
trolytes between the AEM and CEM. Since this structure permits HCOO ™
and H' to migrate toward the center solid electrolyte, no extra purifi-
cation or separation procedure is required. Although the separation is not
needed in ionic forms; it is still challenging to separate the rest of the
products which still needs more research and effort in the future. The
reactor configuration is another factor that might be decisive in consid-
ering the catalyst design, along with the operando characterizations.
Several studies focused on the in-situ characterization to understand the
reaction mechanism and active sites. For instance, the direct correlation
between the Cu™ species and ethylene production has been explained by
the in-situ XAFs analysis. The correlation towards the selectivity of Cp
products with the Cu' species was explained by the quasi-in-situ XPS
analysis, which can further understand the stabilization of Cu™ species
over Cu surface. In addition, the selectivity of Co, products might be
enhanced by the presence of subsurface oxygen species, halides, and
electrolyte cations.

eCO2RR is typically conducted under ambient conditions (25 °C and
1 atm), resulting in a limited solubility of CO; at different operating
variables. This low solubility leads to a reduced concentration of COy
both in the electrolyte as well as on the catalyst surface, leading to slow
kinetics and hence poor electrochemical performance. The solubility of
CO9, increases with increasing the partial pressure of the CO, resulting in
a higher concentration of CO in the electrolyte as well as on catalyst
surfaces, which could be effective for suppressing HER and hence higher
C, product selectivity. Higher pressure of CO3 up to 60 atm yields five
times higher selectivity, and current density. This strategy could open a
new avenue for synthesizing higher hydrocarbons from eCO2RR, thereby
providing a practical approach for addressing the intermittent of
renewable energy fuels. Furthermore, recent advancements in the elec-
trochemical conversion of CO3 into Cy products using Cu catalysts, which
focus on major challenges, catalyst and interface engineering, and
mechanistic insight into synthesizing Cy products. The challenges in
commercializing the reduction of CO; to Cy products have been
addressed. Considering such factors including morphology, facets,
oxidation states, particle size, and active sites could enhance catalyst
engineering. Considering the cell configuration, regulation of electrode
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surface, structure, and electrolyte can greatly contribute to the increase
of mass transfer, high catalytic activity, and enhancement of energy ef-
ficiency. Therefore, these parameters boost the potential and their
CO2RR performance towards the Cy products. Although much progress
has been made using copper catalysts to convert CO5 into Cy products
including ethylene, ethanol, and ethane, however, the active sites and
reaction mechanisms are still unclear.

This is believed that the electrochemical reduction of CO; at higher
pressure in MEA cells will be a turning point toward CO2RR industriali-
zation. Because higher pressure results in higher current density up to
—200 mA cm™2 at less than —3.0 V. Secondly, catalyst structure engi-
neering has ample importance regarding CO2RR optimization, product
selectivity, and operational stability. For instance, it is observed that
Cut/cu® coexistence states affect COoRR activity. The electrocatalyst
needs to modified in such a way that the copper oxidation state (Cu™/
Cu®") could be prolonged as much as possible to maintain CO,RR activity
and stability. However, Cu oxidation state and its specific facets cannot
persist for a long time in high alkaline conditions as well as high current
density. Halide adsorption on Cu surface is one way to maintain the
positive oxidation state of Cu particles owing to the electronegative
behavior of the halides. Another way is to utilize a core-shell electro-
catalyst structure where the shell structure would protect the core cata-
lyst as a protecting layer. Apart from halides, particle size, oxygen
vacancies, catalyst defects, and catalyst facets are very crucial for COoRR.
It has been observed that Cu(111) favors ethylene and methane forma-
tion while Cu(100) results in Cy, products faster than Cu(111) owing to
its low binding energy for *CO. Thus, controlled facets synthesis needs to
be employed to prepare Cy; products. Similarly, a defective Cu surface is
more active in adsorbing CO, compared to a polished or non-defective Cu
surface; thus, producing higher ethylene regarding Cu-tandem catalyst
has the potential to produce C; products at higher FE and Current density
such as Cu-Co and Cu-Ag tandem catalyst owing to their low activation
energy and higher reaction kinetics. In Cu-Ag tandem catalyst, Ag cata-
lyst favors CO formation readily which is further converted to Cy.
products by the C-C coupling mechanism. Similarly, the incorporation of
carbon-based material as a substrate with Cu catalyst enhances its Ca,
selectivity as well as the operational stability of the catalyst. Secondly,
catalyst stability could be improved with PTFE (Poly tetrafluoro
ethylene) (Polytetrafluoroethylene) binder during the catalyst ink prep-
aration where PTFE protects GDL (gas diffusion layer) from delamination
owing to its hydrophobic nature. Furthermore, the optimization of MEA
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Fig. 14. (a) Product analysis of C,H, in an electrochemical cell under various parameters A-H (working electrode, added particles, and potential) [72]. Copyrights
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width/40 nm [297], Copyrights Wiley ©2017.

membrane and strengthening of GDEs will enhance the operational sta-
bility of CO,RR in the future and advance toward CO2RR
industrialization.
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