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Electrochemical reduction of carbon dioxide to
multicarbon (C,,) products: challenges
and perspectives

Bin Chang, 22 Hong Pang,© Fazal Razig,”® Sibo Wang, (2 ¢ Kuo-Wei Huang, (2 2°
Jinhua Ye @ *© and Huabin Zhang {0 **°

Electrocatalytic CO, reduction has been developed as a promising and attractive strategy to achieve
carbon neutrality for sustainable chemical production. Among various reduction products, multi-carbon
(C,4) compounds with higher energy density are desirable value-added products. Herein, we review and
discuss the recent progress and challenges in preparing C,, products. We start with the elaboration of
the most recent advancement of carbon—carbon coupling results and the newly proposed mechanisms,
which are much more complicated than that of single-carbon products. The complex scenarios
involved in the initial CO, activation process, the catalyst micro/nanostructure design, and mass transfer
conditions optimization have been thoroughly discussed. In addition, we also propose the synergistic
realization of high C,, product selectivity through the rational design of the catalyst and elaborate on
the influence of electrolytes (anion/cation/pH/ionic liquid) using theoretical calculation analysis and
machine learning prediction. Several in situ/operando techniques have been elaborated for tracking the
structural evolution and recording the reaction intermediates during electrocatalysis. Additional insights
into the triphasic interfacial reaction systems with improved C,, selectivity are also provided. By
presenting these advances and future challenges with potential solutions related to the integral
development of electrochemical reduction of carbon dioxide to C,, products, we hope to shed some
light on the forthcoming research on electrochemical carbon dioxide recycling.

The electrochemical CO, reduction reaction (CO,RR) holds promise to revolutionize the chemical industry by producing value-added chemicals and fuels from

CO, and water while storing renewable energy and reducing anthropogenic CO, emissions. However, electrocatalytic C-C coupling in aqueous electrolytes is
still challenging due to low selectivity, activity, and stability. The optimization of catalysts, the reaction system including the electrolyte and reactors holds the
key to addressing these challenges. We summarize the recent progress in achieving efficient C-C coupling for C,, products, with emphasis on design strategies

in electrocatalysts and electrocatalytic reactors, the influence of electrolytes and the theoretical investigations of corresponding mechanisms integrating with
in situ/operando techniques. Moreover, the current challenges and future opportunities for C,, product synthesis are discussed. We aim to provide a detailed
review of the novel C-C coupling strategies for further development and inspiration in both fundamental understanding and technological applications of
electrochemical carbon dioxide recycling.
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1. Introduction

Over the last century, energy has mainly been obtained through the
combustion of fossil fuels, in the form of coal, oil, and gas, and the
associated CO, emissions have significantly increased the atmo-
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ocean acidification, and other problems. The concerns over the
increase in CO, emission and the demand for carbon-containing
raw materials have accelerated the development of a variety of
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CO, to chemicals and liquid fuels with low-carbon energy sources,
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particularly multicarbon (C,.) hydrocarbons and oxygenates, has
emerged as a fundamental approach to alleviate extreme climate
change and the increased energy demand.®® However, CO, activa-
tion under mild conditions and the precise regulation of C-C
coupling are the grand challenges in artificial carbon fixation and
C,. product synthesis. Electrocatalytic CO, reduction reaction
(eCO,RR) is considered a promising strategy from the perspectives
of technical difficulty, maturity, and economy, and thus has attracted
extensive research attention from both academia and industry.'**?

The electrochemical reduction of carbon dioxide to highly
selective C,, products is the holy grail of electrochemical
synthesis. Compared to C; products (e.g., carbon monoxide,
methane, formic acid, and methanol), C,, products (e.g., ethy-
lene, ethanol, acetic acid, and n-propanol) possess higher
energy densities and economic value and can be further uti-
lized as feedstocks for the synthesis of long-chain hydrocarbon
fuels."”>™"” Currently, *CO dimerization and *CO hydrogenation
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are believed to be the main C-C coupling pathways to realize the
evolution of C,, products, while the rate-determining steps of C,.
product synthesis can be attributed to the initial activation of CO,
molecules.'® Optimizing the *CO binding strength and the sub-
sequent proton transfer-based formation of hydrogenated groups
(e.g, *CHO, *COH, *OCCO, and *OCCOH) are pretty sensitive to
the material structure and electrolyte composition. Focusing on the
synthesis of the C,. products, this review elaborates on the recent
progress in eCO,RR and discusses the present challenges in
promoting selectivity and efficiency (Fig. 1). Notably, we have
summarized the fundamental principles for novel catalyst discovery
and provided a comprehensive overview of the catalytic mechan-
isms, encompassing nearly all aspects for designing catalysts for
C,. synthesis. Various theoretical approaches and models for
simulating the complicated C,. synthesis process are systematically
summarized. Moreover, we provide several strategies to construct
more realistic models for theoretical simulation by considering the
electrode-electrolyte interface, charge transfer, solvent effect, and
kinetic factors. In addition, in situ/operando characterization-based
research has been emphasized to clarify the structural evolution
and the mutual interactions within the reaction interface. Mean-
while, we also summarize the current representative optimization
strategies of electrolytes and electrolytic cells for the C,. product
system. Based on the triphasic interfacial reaction model, the
corresponding design strategy has been put forward to overcome
the diffusion and mass transfer limitations of traditional two-phase
systems, thus improving eCO,RR efficiency at industrial current
densities. It is highly expected that this review will deliver some new
insights toward the understanding and engineering of eCO,RR and
further accelerate the development of this important emerging
research field.

1.1. History and reality of electrochemical CO, reduction

The first examples of electrochemical reduction of carbon
dioxide are from the 19th century when carbon dioxide was
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Fig. 1 Recent development of electrochemical CO, reduction.

reduced to carbon monoxide using a zinc cathode. Research in
this field has been intensified in the 1980s following the oil
embargoes of the 1970s, in which the electrocatalytic conver-
sion of CO, has been realized over copper, zinc, and lead
electrodes with the main product being formate. Methanol
has been further synthesized by resorting to ruthenium- and
molybdenum-based catalysts and certain semiconductors, such
as p-GaP and n-/p-GaAs.™* After entering the first decade of
the 21st century, various metal/alloy systems have been devel-
oped to be capable of electrochemically reducing CO, into
hydrocarbons with decent efficiencies stimulating the explosive
growth of subsequent studies on metallic electrodes with tuned
micro/nano-morphology for eCO,RR. During this period, most
of the research works focused on improving the product
selectivity and efficiency of C; products. Based on past experi-
mental and theoretical studies, C,, synthesis by CO, electro-
lysis has become the focus of future research in recent years
(the 2020s). In the first two years of the 2020s, the C,. product
conversion efficiency and selectivity have been greatly
enhanced. The mechanisms are gradually revealed by

4716 | Energy Environ. Sci.,, 2023, 16, 4714-4758

optimized electrocatalysts, sophisticated theoretical considera-
tions, novel reaction devices, and advanced in situ/operando
characterization techniques.?*™>°

eCO,RR exhibits very slow thermodynamic kinetics owing to
the net zero dipole moment and the highly chemically inert
linear CO, molecule with short polar C=0 bonds (0.116 nm).
The first step of eCO,RR is always believed to be CO, activation,
corresponding to the reduction of chemical bonds.***" The
C-C coupling can be realized over the varied pathways, result-
ing in the emergence of the competing reaction and relatively
low selectivity for particular products. Of course, the hydrogen
evolution reaction (HER) may be accomplished and even be
evolved into the primary reaction simultaneously, especially at
high negative potentials, which bring additional barriers to
promoting its selectivity for C,, products. In such a scenario,
realizing the efficient electrochemical reduction of CO, into
specific C,. products with high selectivity is challenging.

It should also be noted that C,, selectivity and activity are
highly sensitive to multiple electron transfers during C,. pro-
duct formation. Unlike C; synthesis, the *CO intermediate is

This journal is © The Royal Society of Chemistry 2023
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considered the starting point for further C-C coupling. The
subsequent complex reaction pathway and HER competition
directly lead to the low Faraday efficiency (FE) of C,. product
formation.***? Presently, the FE of C,, product formation can
exceed 60%.>*3¢ However, the poor selectivity limits the synth-
esis and subsequent applications of C,. products. Zheng and
colleagues have designed defect-site-rich nanocatalysts with
peak FE values of ethanol and n-propanol at 53% and 18%,
respectively.®” The control sample with flat surfaces formed
without *CO adsorbates produced C,H, with a maximum FE of
60% at —1.23 V (vs. RHE), whereas the FEs of other C; and C,,
products range from 5% to 15%. A similar phenomenon occurs
in the gas-diffusion-electrode-based flow-cell system. The over-
all current densities of defect-site-rich nanocatalysts reached
~200 mA cm > with the highest FE values of 52% and 15% for
ethanol and n-propanol at —0.95 V (vs. RHE). Herein, the design
of nanocatalyst structures and reaction systems is subject to
stringent requirements, and C-C bond formation is still a
fundamental chemical challenge for further C,, synthesis.

1.2. Mechanism of C,, product formation

1.2.1. Thermodynamics of C,, products. The raw and
derived thermochemical data and calculated equilibrium
potentials of C,, product formation via eCO,RR are provided
in Table 1.>® The critical parameters for calculating chemical
equilibria are the free energy of formation of the reactants and
products (A¢G°). The free energy formation is related to the
standard formation enthalpy (A¢H°) and the standard for-
mation entropy (A¢S°) according to

AfGO = AfHO — TOAfSO

where 7 = 298.15 K is the standard thermodynamic temperature. The
standard formation entropy is not tabulated but can be calculated
from the tabulated absolute standard entropies (S°) according to

AeS =S

where i is the stoichiometric coefficient for species in the formation
reactions, and the theoretical reactions form the compound from
the constituent elements in the standard states. Liquid CO,
reduction products are also considered. The most reliable approach

Table 1 Thermochemistry data for C,, products
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for obtaining the free energy of formation for aqueous products is
tuning the solvation-free energy of the gas products (Ag_,qG"),
which is related to Henry’s law constant (Ky;) by

Ag_,2qG° = RT" In(Ky)

Note that Henry’s law constant in this equation must be
dimensionless. The normal state of gas and solvated com-
pounds is 1 bar and 1 M, respectively.

In general, the electrochemical reduction of CO, is
described by the equation

xCO, + nH' + ne” — products + yH,0

The free energy change of eCO,RR with CO,, H,0, and different
products in the standard states is

Aco,rG =
D 0i(ArG) = AcGproques + YAGr,0 — X¥ArG o, — MAG g 4o
The free energy formation of a proton-electron pair is
AfG(HH—e*) = —FUgnug

where F is Faraday’s constant and Ugryg is the potential versus
RHE. At the standard equilibrium potential, Urpg = UEOzR,
and the free energy (Aco,rG°) is zero. Herein, Uco,r can be
solved by

o

o 1 o o
Ucor = ﬁ(XAfGCOZ - Aprroduct - yAmeo)

All standard equilibrium potentials are calculated from
the free energy formation of the reactants and products. As
detailed in Table 1, except the equilibrium potentials of solid
oxalic acid which are negative (—0.47 V vs. RHE), all other
equilibrium potentials of gas or liquid products range from
0.06 V to 0.11 V vs. RHE. Regardless of the type of C,.
products formed at the cathode, the electron and proton
stoichiometry coefficients of the eCO,RR and the oxygen
evolution reaction (OER) must be equal in a continuous
eCO,RR system. Theoretically, the difference between the
equilibrium potentials of eCO,RR and OER, which is the

Reaction C,. products E° (Vvs. RHE) A¢;G° (k] mol™") A¢H° (k] mol ™) A¢S° (k] mol ™) Ky (bar M%)
2CO, + 2H" + 2~ — (COOH), (s) Oxalic acid s —0.47 —698.9° —829° 116° —
2C0, + 8H' + 8¢~ — CH;COOH (aq) + 2H,O Acetic acid g 011 —374.9% —433° 282.8° —

aq —396.3° — — 1.8210-4°
2C0O, + 10H' + 10e~ —» CH,CHO (aq) + 3H,0 Acetaldehyde g  0.06 —133.0° —166.1° 263.8° —

aq -139.7° — — 6.6710-2°
2C0, + 12H" + 12¢~ — C,Hs0H (aq) + 3H,0 Ethanol g 0.09 ~167.9° —234.8 281.6” —

aq ~181.3% — — 4.5510-3°
2C0, + 12H" + 12¢~ — GC,H, (g) + 4H,0 Ethylene g 0.08 68.3° 52.4° 219.3¢ —
3CO, + 16H" + 16e~ — C,H5;CHO (aq) + 5H,0 Propionaldehyde g  0.09 —127.0% —188.7¢ —304.4° —

aq ~133.3° — — 7.6910-2°
3CO, + 18H" + 18¢~ — C;H,CHO (aq) + 5H,0 1-Propanol g 0.10 —160.7¢ —256° 322.5°

aq —173.0 — — 7.1410-3°

“ Calculated data from Chem. Rev., 2019, 119, 7610. ® John A. Dean, Langes Handbook of Chemistry, 15th edn, McGraw-Hill Inc, 1999. ¢ NIST

Chemistry Webbook, https://webbook.nist.gov/chemistry;/.
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minimum potential for driving the entire reaction, is
above 1 V.*° The thermodynamics of eCO,RR pathways is
affected by the different chemical potentials of electrons. The
surface structure of electrocatalysts influences the reaction
kinetics at low current densities or overpotentials. Mean-
while, mass transfer plays a significant role at high over-
potentials or current densities.*® Beyond the above limit,
further increased overpotential enhances HER side reactions
and decreases the selectivity of C,, synthesis. Therefore,
eCO,RR currently requires a relatively large overpotential
exceeding the thermodynamic potential. It is also urgent to
achieve higher current densities and overpotentials for
eCO,RR.

1.2.2. Mechanisms of C,, product formation. C-C coupling
imposes stringent requirements on the affinity of the catalyst
for *CO. However, overly strong interactions between *CO and
metal electrocatalysts result in the poisoning of eCO,RR active
sites and the dominance of the competitive HER. Excessively
weak interactions favor *CO desorption (which ensures the
formation of C; products) over further C-C coupling (which
provides the construction of C,, products). Numerous experi-
mental and theoretical studies have revealed that the surface
reaction involves initial CO, activation and *CO intermediate
adsorption through *COOH for further C,. synthesis.*' The
deep understanding and rational tuning of C-C coupling are
essential for preparing advanced electrocatalysts with elevated
C,. activity and selectivity. To date, three main mechanisms
have been proposed for C-C coupling in the direct eCO,RR to
obtain C,, products.

[ —_—> ) —_>
_ CO;~
2(e+ H*)T A
(@) H
N
N
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Recently, the *CO dimerization mechanism has been well
accepted by the catalytic community, in which the production
of OC*-*CO is followed by subsequent hydrogenation reaction
(Fig. 2, purple line highlighted pathway).''*%4%43 Theoretical
simulations of *CO dimerization on several copper facets have
confirmed the lowest energy barrier on the (100) facet.** *CO
dimerization is exothermic on the Cu(100) facet but endother-
mic on the Cu(111) facet. The energy barrier of subsequent
hydrogenation on the Cu(100) facet is 0.3-0.4 eV lower than
that on the control Cu(111) facet. In addition, *OC-CO is
adsorbed on the quadruple site of the Cu(100) facet via two
carbon ends and is more strongly bound than in the case of the
Cu(111) facet, where the carbon atoms are confined to a triple
site. In situ spectroscopy has detected the characteristic absorp-
tion bands of *OC-CO species.*>*® The possibility of subse-
quent hydrogen assisted C-C coupling increases at a more
negative potential.*’” This mechanism involves the formation
of *CHO via hydrogenation and its subsequent reaction with
*CO to form *COCHO. Bell and colleagues have confirmed the
presence of *CHO species on the fluoro-modified catalyst by
in situ spectroscopy.’® The fluorine in the modified catalyst
enhanced the hydrogenation of *CO to CHO intermediates,
which are efficiently coupled to obtain *COCHO and thus
improve the selectivity of C,_, products. *HOCHCH, derived
from the hydrogenation of *COCHO is also a critical intermedi-
ate, which can directly desorb from the reactive centers to
generate acetaldehyde and further converted to ethanol under
hydrogenation. Qiao and colleagues have reported a novel
silver-modified copper oxide catalyst with a significant FE of

C,H
2714

£y CHy;COO-

)

H

I i
e+ H*
—

H H

dimerization T
C

dimerization

HO—C-C—OH
L~ —> HOCH,CH,0H
& e [
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z
N

(@)

7
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Fig. 2 Overview of reaction pathways for eCO,RR towards different C,, products.
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40.8% for ethanol production.”” Both top and bridge
configurations of *CO adsorption on the catalyst surface
trigger asymmetric C-C coupling to ethanol intermediates
*HOCHCH,. In addition to the above hydrogenation path,
*HOCHCH, dehydration is another kinetically more favorable
path to forming acetaldehyde under neutral conditions. Sun
and colleagues have developed ferromagnetic hexagonal-close-
packed (hcp) Co nanosheets for selective CO,RR to acetalde-
hyde with an FE of 60% in 0.5 M KHCOj; solution.>® On the hep
Co surface, the C, pathway toward acetaldehyde shows a lower
overall energy barrier than other competitive pathways to form
C,H,, CH;0H, and CH;CH,OH. The above reactions follow the
path of *CO-CO coupling before hydrogenation/dehydration.
Another C-C coupling path is based on the coupling of hydro-
carbon groups. Dismukes and colleagues have introduced iron
phosphide for the C, product (ethylene glycol) synthesis by
(H,CO)* coupling.”" In this reaction system, formate is more
likely to undergo protonation to form the (O-CHO)* intermedi-
ate rather than desorb to produce C, formic acid. Moreover,
hydride transfer to the carbon of (O-CHO)* and the resulting
*H,CO-OH, release a water molecule to form (H,CO)*, which
easily undergoes carbon-carbon coupling to form C,, products.

Carbene (CH,) dimerization (yellow line highlighted path-
way) and *CO dimerization under hydrogenation (purple line
highlighted pathway) are the two main mechanisms for ethy-
lene synthesis (Fig. 2).>%* The adsorbed *CO is hydrogenated
to form *COH intermediates, which further produce *C and
*CH, carbene intermediates.>® Ethylene (or ethane) is gener-
ated from *CH, (or *CH;) dimerization under acidic
conditions.’**> Buonsanti and colleagues have confirmed the
carbene coupling mechanism of ethylene synthesis via the
tunable tandem catalysts comprising iron porphyrin and Cu
nanocubes.>® Furthermore, another procedure for ethylene
synthesis is *CO/CO dimerization and hydrogenation. Jaramillo
and colleagues have directly converted vapor-fed CO, to ethy-
lene on a tandem electrocatalyst.”” The enhancements of
ethylene yield are attributed to the increased *CO/CO concen-
tration near the copper surface via effective CO, to CO conver-
sion on neighboring nickel-coordinated nitrogen-doped
carbon, in which the as-produced *CO-CO intermediate is
further hydrogenated to ethylene.

Theoretically, it is also feasible to synthesize acetate with the
coexistence of *CO intermediates and hydrocarbon intermedi-
ates. However, the acetate selectivity on traditional inorganic
catalysts is generally limited by the competitive reaction of
ethylene and ethanol. Schofberger and colleagues have devel-
oped a molecular Mn""-corrole complex with an acetate selec-
tivity of 63%.°® Such a high acetate selectivity originates from
the Lewis acidity of the Mn"™ center, which tends to bind with
the Lewis basic O-site of the carboxyl group, hence facilitating
the C-C dimerization leading to an oxalate-type intermediate.
To significantly increase the coverage of carboxyl intermedi-
ates, Liao and colleagues have developed a stable and conduc-
tive phthalocyanine-based covalent-organic framework (COF)
for acetate synthesis with an FE of 90.3%.>° The isolated
copper-phthalocyanine active sites with elevated electron

This journal is © The Royal Society of Chemistry 2023
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density are conducive to the critical C-C coupling step of
*CH; with carboxyl intermediates to produce acetate (Fig. 2,
green line highlighted pathway). Herein, the construction of
molecular catalysts sheds light on the rational design of highly
efficient electrocatalysts for highly valuable C,, products.

2. Electrocatalyst design for C,,
product synthesis

The structure and composition of the catalyst play a decisive
role in determining the substrate activation and reduction
process and thus significantly influence the final product
selectivity. The desired high-value C,, products can be obtained
by optimizing the surface electronic structure and the geo-
metric environment by regulating the morphology, surface
structure, supports, and active sites (Fig. 3)."7%%

2.1. Single-atom catalyst design

Single-atom electrocatalysts are widely investigated owing to
the merits of efficient atomic utilization and excellent
activity.®>"®® The type of central metal species, electron configu-
ration, and the surrounding coordination environment affect
their geometric and electronic structure for tuning the reaction
pathways and product distribution of eCO,RR.®®"°® Appropriate
central metal atoms with low Gibbs free energy of eCO,RR are
selected to enhance the electrocatalytic performance, which
include Fe, Co, Ni, Cu, Zn, Sn, and Sb. Xu and colleagues have
prepared a copper single-atom catalyst anchored on a carbon
support by a copper-lithium hybrid method. The as-synthesized
catalyst has achieved a single-product FE of 91% at —0.7 V vs. RHE
and an onset potential as low as —0.4 V vs. RHE for electrocatalytic
CO,-to-ethanol conversion.*' The FE of ethanol formation is highly
sensitive to the dispersion of copper atoms. The dynamic reversible
conversion between copper single atoms and nanoparticles/clusters
has been observed using operando X-ray absorption spectroscopy
(XAS), which promotes an understanding of real catalytically active
sites. Similarly, single-atom electrocatalysts have attracted tremen-
dous attention.*® Chen and colleagues have achieved CO, reduction
on single-atom copper with acetic acid, ethanol, and acetone
production at low overpotential (Fig. 4A).”° Adjusting the coopera-
tive structure of single copper atoms and exploring reversible
reconstruction under negative reduction voltages is a promising
research direction to achieve effective C,, formation.

Currently, specific coordination configurations can be
induced by representative strategies of single-atom alloys and
tandem catalysts. The doped atoms in single-atom alloys are
diluted to avoid bond formation between neighboring atoms,
which appropriately tunes the surface structure to achieve
moderate binding with the reaction intermediates. The intro-
duction of the atom with low binding energy to CO may provide
enough free CO molecules for further C,. synthesis. Gritzel and
colleagues have prepared CuZn single-atom alloys for eCO,RR
with 41% FE for C,, liquids.”" Based on the strong CO adsorp-
tion on Cu sites, the incorporated heteroatom Zn enhances the
CO production and favors the release of free CO molecules to
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Fig. 3 Scheme of various strategies for designing copper-based electrocatalysts for C,, products.

Cu sites. The as-formed *CH; intermediates with the free CO
further form C,HsOH with high selectivity. Furthermore, the
tandem catalysts also significantly expand the applications of
single-atom electrocatalysts in multi-electron eCO,RR.

Strasser and colleagues have investigated the mechanistic
aspects of the eCO,RR reactivity of CO,/CO co-feeds on Cu/Ni
single-atom N-doped carbon tandem catalysts.”” They have
confirmed the *CO (from CO,)-*CO (from CO) cross-coupling
pathway, implying the existence of separate CO,/CO adsorption
sites. In this tandem catalyst, the Ni single-atom acts as an
efficient CO producer, and CuO, nanoparticles work for further
C-C coupling. The ethylene yield rate of this tandem catalyst is
much higher than that of the sole component catalyst. The
results verify the efficient tandem system for local CO co-
feeding, which can enhance the ethylene yield and provide a
basis for subsequent extended research in eCO,RR. Integration
of copper and other adjacent active sites provides the opportu-
nity for efficient C,, synthesis, such as tuning the adjacent
active site spacing, single atom loading density, coordination of
the electronic environment around single atoms, etc. Despite
the above research progress, there is still a big gap and
challenge in developing single-atom CO,RR catalysts for further
industrial applications.

2.2. Morphology regulation

The particular morphology of nanostructured catalysts and
distinct electronic and chemical surface properties usually

4720 | Energy Environ. Sci., 2023, 16, 4714-4758

confer improved eCO,RR activity and selectivity compared to
bulk materials.”*”* In this sense, the reactivity of nanocatalysts
can be rationally tuned by modifying the fundamental para-
meters: size, shape, surface composition, or loading on the
support.4'5'1°’75

As for the 0D nanoparticles, the direct influence of particle
size on catalyst reactivity is mainly related to the significant
increase in the ratio of the surface atoms to the volume
atoms. With the decrease in the particle size, the surface
curvature increases, and the corresponding average coordina-
tion number decreases.”® In addition, owing to the minimal
size of nanoparticles, their surface atoms experience significant
strain, which changes the d-band position, thus affecting the
reactivity of intermediate groups. Copper nanoparticles exhibit
a larger effective area for the further reduction of *CO and favor
the formation of C,; products. The increased CO coverage
on cuboid copper nanoparticles provides more C-C coupling
opportunities, enabling C,, selectivity at low overpotential.””"”
Moreover, the *COOH and *OCHO intermediates also play a
decisive role in determining the C,. selectivity. Amal and
colleagues have achieved the controllable generation of crystal
defects, vacancies, and coordinatively unsaturated metal sites
by regulating the voltage of the reduction-reoxidation—-
reduction pretreatment method. Thus, high formic acid
selectivity has been achieved with *COOH as the intermediate on
as-synthesized copper nanoparticles.”*® The oxidation-reduction/
amorphous-recrystallization process has been observed using

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (A) Morphological characterization of single copper atom electrocatalysts. Reproduced with permission from Chen et al.”® Copyright 2020
Springer Nature. (B) Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of CuO micropore nanowires. Reproduced

with permission from Yu et al.%°

Cu,O crystals. Reproduced with permission from Gao et al.®?

operando XAS, which has revealed dynamic changes in the oxida-
tion state and grain boundary formation during catalyst
reconstruction.

Nanostructured materials with various morphologies also
present unprecedented catalytic activity, namely, lower onset
potentials and enhanced selectivity toward C,, products.®’ Such

This journal is © The Royal Society of Chemistry 2023

Copyright 2020 American Chemical Society. (C) SEM images and (D) corresponding structure of OD-Cu derived from
Copyright 2022 American Chemical Society.

trends have been assigned to their rough morphology and
exposed active facets, as well as to possible changes in the
chemical state of the active species. Gao and colleagues have
proved that cubic copper nanocrystals with major exposed (100)
facets tend to reduce CO, to ethylene, whereas octahedral
copper nanocrystals with predominantly (111) facets convert
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CO, into CO and CH, (Fig. 4C and D).**"®* Hexagonal poly-
hedral copper enhances ethanol synthesis owing to the
regulated binding energy of surface-adsorbed *O on numer-
ous edge sites. Furthermore, the catalyst morphology also
affects the surface strain, thus influencing the adsorption of
key intermediates (Fig. 4B).®> This relationship has inspired
the development of suitable 3D nanostructures to further
improve the C,, activity and selectivity by maximizing the
number of active sites and controlling proton transfer/reac-
tion pathways.

Hollow nanostructures play a critical role in the eCO,RR
process, exhibiting the following advantages: affluent surface
areas, an excellent interface, a strong synergistic effect between
different components, and protection of metal active sites.
Zhang and colleagues have prepared hollow Cu/CeO, nano-
tubes with a high ethylene FE of 78.3% in the flow cell at a low
applied potential of —0.7 V vs. RHE.*® The high reduction
efficiency can be attributed to the synergistic effects of the
inseparable interface structure between Cu and CeO,, which
promote the effective adsorption of intermediates. Further-
more, Wang and colleagues have chosen hollow mesoporous
carbon spheres for protecting copper clusters to achieve high
C,.+ selectivity.’” The projected active sites promoted eCO,RR
performance with the enhanced formation of *CHO, thus
facilitating the C-C bond coupling to form C,H, and
C,HsOH. We propose that the unique hollow structure plays a

cu\fur, selenjy,, s

View Article Online
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significant role in the future development of electrochemical
C,. synthesis.

2.3. Surface structure tuning

The engineering of surface defects or surface ligand structure
has achieved electronic structure regulation and surface/interface
optimization, which provide suitable adsorption sites for reaction
intermediates and favorable conditions for further C-C
coupling.®®%° Meanwhile, defect engineering achieves the optimi-
zation of catalytic surface activity by precisely tuning the defects,
including type, concentration, and spatial distribution.”® In carbon-
based metal-free materials, the defects are divided into intrinsic
and externally induced defects. Intrinsic defects can be purposely
introduced to enhance CO, adsorption by regulating the edge sites,
holes, or topological defects. Unlike the intrinsic defects, the
defects induced by the covalent bonding of heteroatom doping
can break the original sp” carbon lattice. Defect configurations
(such as pyridine nitrogen, pyrrole nitrogen, heteroatom coordina-
tion, etc.) can perturb the electron symmetry in the aromatic ring
and change the local charge distributions, thus leading to accel-
eration of the CO,RR process and suppression of the HER activity.

As a typical defect existing in metal-based catalysts, vacan-
cies can effectively regulate the electronic structure and mass
transfer performance of the active sites, thus optimizing the
electrochemical reaction kinetics of C-C coupling (Fig. 5).
Oxygen vacancies can be easily introduced and controlled in
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Fig. 5 Scheme of vacancy engineering with properties and classifications.

4722 | Energy Environ. Sci., 2023, 16, 4714-4758

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee00964e

Open Access Article. Published on 23 June 2023. Downloaded on 2/5/2026 5:50:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

the form of anionic vacancies. Zheng and colleagues have
reported an oxygen vacancy-containing copper-based electro-
catalyst with high eCO,RR activity. The number of oxygen
vacancies directly affected the selectivity to ethylene and
eCO,RR current density.”® The CuO, catalyst with abundant
oxygen vacancies exhibited a high ethylene yield at —1.4 V vs.
RHE, while the corresponding FE has been confirmed as 63%.
As demonstrated by the authors, the ethylene yield is consistent
with the change in oxygen vacancies. The oxygen vacancy-rich
CuO, surfaces provide strong binding affinity to the intermedi-
ates of *CO and *COH, but weak affinity to *CH,, thus leading
to efficient formation of ethylene. Moreover, the positive effects
of sulfur and selenium vacancies over metal chalcogenide
electrocatalysts for eCO,RR have also been well investigated
and explored.®>®* In another study by Zheng and colleagues, a

View Article Online

Energy & Environmental Science

copper-based electrocatalyst with disulfide vacancies has been
designed and synthesized via lithium regulation. Both theore-
tical calculations and experiments have confirmed that these
disulfide vacancies act as catalytically active sites for enhanced
performance of n-propanol synthesis (Fig. 6A and B).°> Previous
studies have successfully constructed disulfide vacancies.
These defects exert synergistic effects via negative charge
enrichment by the adsorption of three *CO intermediates, the
provision of a closer Cu—Cu distance for *CO-*CO coupling,
and the provision of suitable space for charge repulsion caused
by OCCOCO* formation. The adsorption of *CO cannot be
completed without vacancies. Although the dimerization of
*CO can be achieved on single sulfur vacancies, further
OCCO-CO coupling is not feasible. Lastly, CuS, containing
double sulfur vacancies has demonstrated an FE of 15.4% for
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(A and B) Structural characterization of the double sulfur vacancy-rich CuS, catalyst. (C) Intensity profiles extracted from the blue line in (B).

Reproduced with permission from Zheng et al.°? Copyright 2021 Springer Nature. (C) HR-TEM images of Cu/VG, ET-L, and ET-H (grain boundaries are
highlighted in red spline). (D) Schematic of the preferred CO,RR pathway on the Cu(111)/Cu,O (112) interface. Reproduced with permission from Rose

Amal et al.®®

Copyright 2022 American Chemical Society. (E) eCO2RR performance of C; products and C,, products on different catalysts. (F) Different

organic/non-organosuperbases. Reproduced with permission from Wang et al.'® Copyright 2022 Elsevier.
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forming n-propanol. Although tremendous efforts have been
made to design anionic vacancies, the C,, selectivity is still
unsatisfactory.”® The design of multi-vacancies or coupling of
multiple type vacancies (anionic and cationic vacancies) to
optimize the migration pathway of reaction intermediates
(*COH, *CHO, *COOH) represents a promising research direc-
tion for enhanced performance toward C,. synthesis.

Furthermore, as there is no preferred facet orientation on
nanostructured materials, high-density defects, grain bound-
aries, and surface roughness are considered to determine the
final catalytic behavior.”>°*°” As mentioned previously, the
residence time of intermediates is critical for the selectivity of
C,. products. Although adsorbed *CO is the crucial intermedi-
ate for C,, synthesis, the correlation between the grain bound-
aries and the low overpotential does not guarantee similar
eCO,RR mechanisms. Rose and colleagues explored a
reduction-oxidation-reduction (ROR) electrochemical treat-
ment to advisedly reconstruct copper nanoparticles. Rich grain
boundaries were observed, which were attributed to different
phases of Cu or Cu,O (Fig. 6C).°% In particular, rich grain
boundaries formed on the ROR catalyst with Cu(0)/Cu(I) inter-
faces promoted *COOH/*OCCO adsorption, thus facilitating
C-C coupling and leading to *COOH-derived products (Fig. 6D).
Most copper-based catalysts inevitably undergo structural
reconstruction processes at reaction potentials. The structure
and chemical state of the original catalyst (pre-catalyst) may
undergo significant changes under the action of the applied
potential and reaction intermediates, such as fragmentation,
aggregation, and morphology reshaping.”*'°" On the one
hand, structural reconstruction may lead to the deactivation
of copper-based catalysts. On the other hand, it may also
induce the formation of active sites that promote C-C coupling
to produce C,. products. The uncertainty brought by this
structural reconstruction constrains the development and
application of copper-based catalysts. Therefore, it is crucial
to design and select pre-catalysts and study their structural
evolution under electroreduction conditions. Superparticles
have complex assembly structures and undergo unique struc-
tural reconstruction processes under electroreduction condi-
tions, which may play a positive role in C,, product synthesis.
Xiong and colleagues have explored the assembly structure of
Cu,O superparticles that underwent complex structural evolu-
tion during eCO,RR.'®> The high C,, selectivity has been
confirmed by in situ spectroscopic tests and electron micro-
scopy characterization. The internal building blocks of
these superparticles have produced many grain boundaries,
whereas the outer building blocks are separated to form
nanostructures. The above structural evolution effectively lim-
its OH™ and induces a high local pH around the active sites.
The synergy of these extraordinary structural characteristics
and the reaction environment on the catalyst surface provides
important favorable factors for promoting C-C coupling.
Although lattice strain effects in electrocatalysis have been
widely investigated,'® the exact relationship between grain
boundary-related micro strains and the binding energy of
reaction intermediates remains unclear.
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Generally, surface ligands are considered harmful to cata-
lysis during surface structure optimization as they occupy
other active surface sites.'®*'® However, several studies
have revealed that surface ligands can help improve the cata-
Iytic and performance through
mechanisms. Ligands can perform functions similar to
those of protein structures surrounding the active site of
enzymes (e.g., by acting as selective permeation membranes,
regulating interface solvation structures, regulating the micro-
environment on the electrode surface, and participating in
chemical activation and the selection of template active
sites).'°>*®” Agapie and colleagues have optimized the surface
of nanostructured copper to significantly promote C-C cou-
pling and attenuate H, and CH, generation based on the
combination of an organic halide additive and a polycrystalline
copper structure.'®® Mechanistic studies have revealed several
effects of organic additives, including the formation of a
specific cubic nanostructure by copper surface corrosion, the
stabilization of nanostructures via the formation of protective
organic layers, and the promotion of C,, formation. Wang and
colleagues have regulated the interfacial microenvironment by
modifying the surface of the copper catalyst using a water-
insoluble organic super naphthene proton sponge (Fig. 6E and
F)."® The adsorbed *CO intermediate has been stabilized by the
locally enhanced electrostatic field and the protonated organic
superbase. However, the chemical activation mechanism of the
surface ligands is yet to be unified. Further experimental/
theoretical works should investigate the interaction between
surface functionalized ligands and the key intermediates.
Moreover, the dynamic structural evolution analysis over sur-
face strain, surface defects, and surface functional groups
provides a new opportunity to realize the precise structure
regulation for achieving higher eCO,RR activity and selectivity.

environment various

104,105

2.4. Support modification

Typically, supports effectively inhibit the agglomeration of
nanomaterials, increase the surface area, and optimize the
electrochemical properties. The introduction of appropriate
supports can not only be conducive to achieving a high nano-
catalyst dispersion but can also change the electronic
structure.'® ! The rational utilization of suitable supports
also promotes chemical coupling with the supported catalysts,
changes the electronic interface structure, and improves C,,
selectivity.

Carbon-based metal-free materials have been widely utilized
as carriers for eCO,RR catalysts due to their high conductivity
and stability. Carbon supports with a high specific surface area
and porosity can be realized through morphology regulation,
providing more catalyst anchor sites and accelerating mass
transfer."’®"> Nanostructured carbon supports with various
morphology are commonly used to support active substances
and prevent the aggregation of nanostructures during
reactions."*®''” Moreover, the intrinsic physicochemical prop-
erties of carbon supports can be regulated using doping and
surface functionalization, thus improving the total charge and
increasing CO, concentration on the electrode surface.'"®

This journal is © The Royal Society of Chemistry 2023
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Zhou and colleagues have theoretically investigated the functionalization, or defects have been demonstrated to be
activity and selectivity of metal trimer clusters anchored on ideal substrates for improving the C,. selectivity.
N-doped carbon supports to form C,-C; hydrocarbons and Due to the electrocatalytic stability and conductivity, metal-
alcohols (Fig. 7A)."* The space-constrained triatomic metal based inorganic materials have collectively been widely
centers have been observed to synchronously immobilize multi- explored with carbon-based materials as supports for eCO,RR
ple CO,, thus providing electrons and reaction channels for in the past two decades."”® Compared with carbon, metal-based
promoting C-C coupling (Fig. 7B). In addition, the mediated inorganic materials and metal active sites exert a more signifi-
cluster-substrate interactions are known to regulate C,. selec- cant synergistic effect during eCO,RR. For example, theoretical
tivity. Xu and colleagues have prepared a carbon-supported studies have confirmed that the active centers of metal oxides
copper catalyst using the copper-lithium mixed synthesis adsorb and activate CO, at the interface between the metal
method and achieved the exclusive formation of ethanol with oxides and metal active centers. Owing to the high affinity of
an FE of 91%.°° transition metals to reaction intermediates, intermediates can

In summary, the beneficial effect of carbon supports on be optimized via oxygen binding. Goddard and colleagues have
eCO,RR activity and selectivity is attributed to the following constructed a copper-embedded oxide matrix model."** The
aspects. Firstly, surface functional groups can affect the sur- thermodynamics and kinetics of CO, activation and *CO
rounding electron density. Secondly, optimizing interactions dimerization have been significantly improved by the synergis-
between catalysts and carbon supports is beneficial for forming tic interaction between surface Cu, and surface Cu’, thus
various products at different overpotentials. Thirdly, the micro- increasing the selectivity and efficiency of C,, product for-
pores of carbon supports affect the proton transport and CO, mation. Moreover, they have identified the crystallinity of metal
concentration on the catalyst surface, thus affecting the oxides and the interaction between active substances and
eCO,RR activity. Porous carbon supports optimized by doping, supports as crucial factors for improving activity and selectivity.
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Fig. 7 (A) Binding energies between the metal trimer and carbon supports. (B) The corresponding ab initio molecular dynamics (AIMD) simulations and
the equilibrium structures. Reproduced with permission from Dou et al.'*° Copyright 2020 Elsevier. (C—D) Morphological characterization of shape-
tuned MOF support copper catalysts. Reproduced with permission from Cao et al.*?” Copyright 2022 Elsevier. (E-G) Schematic of the metal nanoparticle
incorporated MOF structure. (H) Morphological characterization of the above MOF structure. Reproduced with permission from Sargent et alt?®
Copyright 2020 American Chemical Society.
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Suominen and colleagues have successfully achieved efficient
CO, electroreduction to value-added products on Cu/metal
oxide heterostructure.””*"** Modified metal oxides can stabi-
lize the key intermediates and decrease the Gibbs free energy of
the C-C coupling step. To confirm the surface adsorbed inter-
mediates, Wu and colleagues have conducted in situ character-
ization based on Cu/ZrO, electrodes with a high FE of 85% for
C,. products. Experimental results have confirmed the
enhanced adsorption of CO* on the Cu/ZrO, electrode, while
theoretical calculations reveal the decreased energy barriers of
the C-C coupling process at the Cu/ZrO, interface. The C-C
coupling process is kinetically favored over the Cu/ZrO, inter-
facial boundaries, while the competing C; pathway reactions
are significantly suppressed. Current studies tend to utilize
MXene materials as carriers for tuning surface functional
groups or loading active components in electrocatalysis.'**%¢
Theoretical calculations have proved that appropriate removal
of hydroxyl groups (OH) from MXene-T, (T = OH, O) can
promote surface adsorption capacity for CO,, making activation
of CO, on its interfacial sites easier. The stable existence of
CO0,°", the reduction of the free energy of *CO, *CHO or *COH
intermediate formation and the improvement of adsorption
stability are more conducive to promoting the C-C coupling
process on the above MXene-T,. Such simple functional group
modifications on MXene systems cannot achieve satisfactory
C,. product selectivity in practical experiments. Herein, loading
CO,RR active groups (heterojunction, functional group, cluster,
single atom, etc.) to prepare MXene-based composite catalysts
is an effective way to reduce the reaction barrier and promote
the C-C coupling reaction in the future.

Metal-organic frameworks (MOFs) and COFs are commonly
used as porous supports in heterogeneous molecular com-
plexes. Compared to traditional carbon-based materials, these
species provide highly ordered porous networks, which may
enhance electrolyte permeability. Meanwhile, organic frame-
works with redox-active components as linkages provide a high
specific surface area and tunable porosity (Fig. 7C and D)."*”"*?®
MOFs and COFs with optimized structures have been reported
to facilitate charge transfer. Chang and colleagues have
achieved a breakthrough in the modularized optimization of
COF construction using a cobalt porphyrin catalyst organically
supported and connected by imine bonds as the construction
unit."*® The eCO,RR activity of the synthesized catalyst was 26-
fold higher than that of the corresponding control compounds.
In addition, XAS data further revealed surface environments’
influence on the electronic structure of the metal center in the
COF catalysts. Subsequently, several studies have confirmed
the feasibility of using the metal-organic framework structure
as a fixed active center and possible support for efficient
eCO,RR in aqueous solutions.®*"*°"*> However, the proposed
systems mainly afford the formation of C; products. To pro-
mote the C,, selectivity, both inorganic substrate (carbon or
metal oxide/carbide) and organometallic materials (MOF or
COF) should provide well-defined active sites with precise
tunability of steric and electronic properties and prevent the
active sites from aggregation and demetallation. Moreover,
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changing the electronic environment of the support around
active sites is also effective in promoting CO,RR selectivity.

2.5. Multi-metal cooperation

The formation of bimetallic alloys is commonly applied to alter
eCO,RR activity and selectivity. The catalytic performance of
bimetallic catalysts varies due to their surface composition and
structure.”** "3 It is generally assumed that the distinct activity
and selectivity of bimetallic alloy catalysts might be attributed
to changes in their electronic and geometric structure. The
incorporation of a different atom in the lattice modifies the
interatomic distance of surface atoms and the lattice strain.
The synergy between the two metals can be exploited to regulate
the binding (adsorption) strength and configuration of specific
intermediates on the catalyst surface, thus promoting C-C
coupling and C,, product formation. Theoretical calculations
have revealed that the Pd atom promotes *CO desorption by
optimizing the electronic structure of the neighboring copper
sites. Sargent and colleagues have introduced palladium into
copper catalysts to enhance local *CO coverage and C-C
coupling.™” The high affinity of the *CO intermediate enables
its competition with H* on active sites. The Pd—Cu bimetallic
catalysts achieved high selectivity for C,, products (FE = 89 +
4%) by maximizing *CO and CO, adsorption to weaken H*
binding and inhibit HER.

The atomic order of metal components in bimetallic cata-
lysts is also an essential factor in determining their selec-
tivity. Kenis and colleagues have prepared Cu-Pd bimetallic
nanocatalysts with equal atomic ratios but different atomic
arrangements and examined their electrocatalytic eCO,RR
performances."*® Compared to ordered and disordered Cu-Pd
particles, the FE for ethylene and ethanol formation is signifi-
cantly higher, whereas the FE for methane formation is signifi-
cantly lower. In phase-separated Cu-Pd nanoparticles, adjacent
copper atoms promoted *CO dimerization. In the case of alloy
nanoparticles, *CO adsorbed on copper atoms may combine
with oxygen atoms adsorbed on adjacent palladium atoms to
form *CHO, which is further hydrogenated and reduced to
methane. The utilization of co-catalysts is another approach for
promoting pathways involving *CO by contributing or optimiz-
ing *CO formation sites, thus enhancing the production of C,,
products. Accordingly, Qiao and colleagues have demonstrated
that the redispersion of silver in copper significantly optimizes
the coordination environment and oxidation state of copper.™®
The *CO binding strength is changed to form a hybrid adsorp-
tion structure, which induces asymmetric C-C coupling and
stabilizes the ethanol intermediate to increase ethanol yield.
The reactivity and selectivity of bimetallic eCO,RR catalysts are
easily affected by various factors. Herein, the modification of
the intra-particle atomic arrangement and spillover effects
must be considered in the rational design of advanced catalysts
to achieve the effective synthesis of specific C,, products. The
multi-metal catalysts should be designed with a donor of the
spillover species and a corresponding acceptor of reactive
adsorbates (CO,). The spillover effects promote the *CO inter-
mediate coverage and diffusion at the interface of C,. favored
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catalysts (copper) and CO-favored catalysts (Ag, Au). This con-
clusion has been further confirmed by Jaramillo and collea-
gues, who decorated gold nanoparticles onto polycrystalline
copper foil for efficient alcohol synthesis under alkaline
conditions.*® CO, reduction on gold generates a high *CO
concentration on nearby copper, where *CO is further coupled
to alcohols. The bimetallic electrocatalyst exhibits synergistic
activity and selectivity and opens new possibilities for develop-
ing CO,RR electrodes exploiting tandem catalysis mechanisms.

Cu-based catalysts with moderate bonding strength for *CO
and *H currently only exhibit satisfactory FE and current
density in preparing C, products such as ethylene and ethanol.
The development of catalysts for long-chain products is still
limited, and nickel has shown specific potential among the
materials that have already demonstrated certain effects. For
example, nickel phosphide exhibits CO,RR selectivity for Cs;
and C, hydroxyalkanes (methylglyoxal and 2,3-furandiol) under
an extremely low overpotential and current density."*" How-
ever, its stability and selectivity are not satisfactory, which is
attributed to nickel susceptibility to CO poisoning and promo-
tion of HER side reactions.'**'*® Yeo and colleagues have
reported that catalysts derived from inorganic nickel oxide
exhibit unexpected activity and stability for the preparation of
multi-carbon products, with a total FE of approximately 30% for
carbonaceous products.** The FE of C; to Ce hydrocarbon
products reached 6.5%, with a partial current density of 0.91
mA cm . This excellent activity and stability are attributed to
the presence of Ni’" with stable Ni-O bonds during the CO,RR
reaction. Unlike Ni°, Ni’* sites have moderate binding energy
with CO, which prevents CO poisoning of the catalyst. Mean-
while, the CH/CH, insertion mechanism facilitated by Ni’*
leads to the generation of long-chain hydrocarbons. This
mechanism of long-chain hydrocarbon synthesis is different
from copper-based catalytic systems, providing more options
and possibilities for C,. synthesis.

The strategy for designing highly active catalysts for C,.
products should focus on enhancing the activation of CO, and
stabilizing some key intermediates, in which surface structure
engineering plays a crucial role. In this regard, organic mole-
cular functionalization-based surface modification has been
achieved by different additives, such as N-containing com-
pounds (amino acids, phenanthroline and the corresponding
derivatives), S-containing compounds (alkanethiols) or P-
containing compounds.'*>~**” All the above-mentioned organic
molecules can dramatically change the electronic structure of
active metal sites, resulting in the optimization of *CO/*H
coverage, hydrogen bond interactions and hydrophobic effects.
Another effective approach is heteroatom doping for tailoring the
spin state and electronic structure of active sites. For metal-based
catalysts, the introduction of electron-withdrawing doping sites
enables effective bonding with CO, and regulation of surface metal
valence states, thereby improving the kinetics process of CO,
activation and *CO dimerization. For carbon-based metal-free
catalysts, the polarization of Lewis basic doping sites can optimize
the electronic distribution of adjacent carbon active centers and the
bonding ability with reaction intermediates.

This journal is © The Royal Society of Chemistry 2023
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Electrochemical CO,RR activity and selectivity are signifi-
cantly dependent on the size, exposed active facets and mor-
phology of electrocatalysts. The size of nanoparticles
determines the density of low coordination atoms on the sur-
face, which directly affects the binding strength of different
reaction intermediates. Reducing the size of nanoparticles is
conducive to increasing the number of surface-active sites.
However, when the nanoparticle size is reduced to below
15 nm, the binding strength between the catalyst surface and
H* gradually becomes stronger, which directly induces a
weaker binding strength of reaction intermediates (e.g., *CO,
*CHO, *COH)."*" Therefore, the size of nanoparticles and C,,
synthesis activity follows a volcano-like relationship, suggesting
arecommended nanoparticle size of approximately 25 nm. This
can provide enough active sites and atoms with different
coordination numbers and chemical interaction energy on
the corners, edges, and crystal facets. On this basis, the surface
binding energy of adsorbed intermediates can be regulated,
thereby optimizing the reaction pathways towards different
products and improving the selective synthesis of C,, products.
Moreover, considering the different Lewis acidity and polariza-
tion abilities of different active facets, optimizing the active
facets with the lowest activation barrier and high adsorption
energy is beneficial for enhancing CO, adsorption and activa-
tion. The relationship between the facet structure and reaction
pathways can be achieved by regulating the single active facet.
Accordingly, control over selectivity can be achieved by max-
imizing the exposure of potential active facets, such as Cu(100)
and high-index facets of other transition metals. To maximize
the C,, activity and selectivity on an active crystal facet, ultra-
thin 2D nanosheets can be prepared as a new form of the
CO,RR catalyst. The surface structure sensitivity of CO,RR
implies the benefits of utilizing nanoparticles with controlled
morphologies to investigate the facet effects and fabricate
customized materials with optimized key parameters for
improving C,, selectivity, such as high-density defects (strain,
step edge, and grain boundary) and surface roughness.

3. Computational simulation of the
formation of C,, products during
eCO,RR

The development of ab initio methods for simulating electro-
chemical reactions has enabled the investigation of theo-
retical mechanisms and guided the design of catalysts. Gen-
erally, a computational hydrogen electrode model has been
used to probe the thermodynamics of electrochemical CO,
reactions.”*®"™*° When a proton/electron is transferred to the
*CO intermediate to construct the *CHO intermediate, the free
energy change is calculated as

AG = ,LL(CHO*) — /J(CO*) — [1/2[1,(H2) — eU] + AGsolv + AGﬁeld

The potential of the reaction step to release energy corresponds
to the thermodynamic limit potential (U;), which can be used
as a critical indicator and a necessary but insufficient criterion
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of activity. In a vacuum, the surface hydrogenation barriers for
adsorbed *H can be easily determined, but the estimation of
electrochemical barriers is more challenging. Ion and solvent
effects are also important factors that influence the activity and
selectivity of eCO,RR.">*"*" Presently, theoretical studies on
electrochemical activation energy and the corresponding
kinetic models and selectivity analyses have demonstrated the
influence of potential, solvent, and ions on the catalytic reac-
tion. However, although theoretical calculations enable the
in situ studies of reactions at the atomic/electron scale, their
ability to reproduce actual working conditions is quite limited,
such as the complex reaction path, activation energy, and ion
effect.

3.1. Mechanism prediction

Among all metal cathode catalysts, copper exhibits high selec-
tivity for hydrocarbons. The theoretical mechanism for forming
C,. products on copper is one of the most thoroughly investi-
gated topics in the eCO,RR field. Recently developed theoreti-
cal research models for eCO,RR mainly include the implicit
solvent model, explicit solvent model, and H-shuttling
model."? These physical models enable the calculation of the
pathways of surface eCO,RR. The obtained surface physico-
chemical properties (such as the electrode-electrolyte interface
structure, adsorption energy of active groups, the position of
the band edge, heterogeneous reduction potential, and acidity/
hydrogenation of chemical substances in solution or adsorbed
on the surface) lay the foundation for the further understand-
ing of reaction mechanisms and reaction rate estimation
(Fig. 8A and B).'*?

3.1.1. Theoretical basis of models. In general, CO,RR
energetics can be theoretically described by implicit solvent
models, explicit solvent models, and H-shuttling models.">*
The implicit solvent models include a continuum description
of the ions. Water and ions are automatically considered in
explicit solvent models. The water molecule shuttles protons
from the surface and back for the H-shuttling approach.
Compared with vacuum metal calculations, introducing solvent
molecules and ions increases extra degrees of freedom, which
is used to determine the activation barrier. The implicit solvent
model assumes a continuous electrolyte medium and enables
the successive change in the interface charge, thus enabling the
easy realization of real-time potential tuning. This model
utilizes the simple linearized Poisson-Boltzmann distribution
of ions, which neglects the influence of finite ion size and
induces the unphysical interface capacitance in the classical
model. The zero-charge potential, the benchmark of the above
methods, is related to the metal work function.'®® The consis-
tency between experimental and theoretical zero-charge poten-
tials reflects the generalized gradient approximation function
in determining the metal work function. One of the funda-
mental challenges of the implicit solvent model is the adiabatic
shift of ions following the dipole during the reaction. However,
these two events occur at very different time scales.'>>"?”

Compared to the implicit model, the explicit solvent model
is used to investigate electrolyte effects at the atomic level. As
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ions are explicitly modeled in a finite unit cell, the potentials
are not variable. In addition, the simulated proton-electron
transfer process induces significant changes in the pathway
potential. The generalized gradient approximation level func-
tionals predict the poor band alignment of the solvent’s highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) and the metal’s Fermi energy levels,
which induces artificial charge transfer across the interface and
the corresponding effects on the reaction energetics.'”® Thus,
the artificial interface charge transfer further impacts the
reaction energy."® On the Helmholtz plane, the partial charge
generated by the overlap of the solvent and metal charges is
independent of the band arrangement (Fig. 8C)."*° The nudged
elastic band, meta-dynamics, and average force potential deter-
mine the transition state.'® %

In the H-shuttling model, H,O and adsorbed *H molecules
are shuttled from the surface to the adsorbent. The proton-
electron transfer during the shuttle process provides a potential
barrier to the hydrogenation of eCO,RR intermediate groups.
Meanwhile, compared to the explicit solvent model, potential
transfer resulting from charge transfer along the pathway is not
taken into consideration. Although the simplicity of the H-
shuttling model is convincing, more detailed models are
urgently required to evaluate the feasibility and accuracy of
these assumptions. The explicit solvent model combines the
central molecule and its surrounding solvent molecules as a
system for processing. Similar to general cluster models, accu-
rate theoretical calculation results can be obtained by using
more solvent molecules. Due to a large number of solvent
molecules, it is often necessary to first construct a cluster
structure and perform molecular dynamics simulations to
obtain a satisfactory initial structure before carrying out quan-
tum chemical calculations. Relying entirely on the introduction
of explicit solvents to reflect solvent effects will inevitably result
in an extensive calculation system. Moreover, the conformation
of explicit solvents is extremely complicated, which cannot
achieve correct handling by separately studying the static
potential energy surface.

The implicit solvation model allows for the consideration of
solvation effects without directly studying a large number of
solvent molecules, but instead focusing on the target mole-
cules. The current popular implicit solvent models based on the
polarizable-continuum model ignore the structure and distri-
bution of solvent molecules. The solvent is abstracted as an
infinitely extended continuum dielectric, surrounding the hole
occupied by the solute molecule. By treating solvation as a polar
interaction between the surface of the solute molecule and the
solvent background, the solvation effect can be approximately
described by the dielectric constant. However, the disadvantage
of implicit solvent models is that they cannot handle systems in
which the solvent participates in the reaction or systems with
strong interactions between the solute and solvent (such as
hydrogen bonds). The influence of implicit solvent models on
the geometric structure and vibration frequency is minimal for
neutral molecules or local non-ionic conditions. For cases with
significant local charges, the optimized structure without

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee00964e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 June 2023. Downloaded on 2/5/2026 5:50:21 AM.

[{ec

Review

View Article Online

Energy & Environmental Science

(9]

70[ZSiab 7
60 :Solvent I\

50
40 ot |
30 LA
20 i
10 ‘

Solvent spillover Solvent spilpver
057

p (-eA)

15 20 25 30
z (A)

5 10

D Y &{Ammonia, Alcohol, E
Amines, Ethers,...} A(plane-Cu) = 1.5 A
Min(Vgg) = -1.84 eV
Eping(H,0) = -0.18 eV

> ®

i \
DN t\" '\"

AE,;0 -

A(plane-Cu) =1.5 A
Min(Ves) = -2.69 eV
Eping(H,0) = -0.47 €

A(plane-Cu) =1.5 A (/\)
Min(Ves) = -2.98 eV [\ =

Eping(H,0) = -0.56

F *CHO path

top view

side view

. @ DFT-PBE-D3
- ® emb-CASPT2

)

2 34 56 7 8
Reaction coordinate (A)

H  *COH path

A

top view

side view

-
N

- ® DFT-PBE-D3
® emb-CASPT2

S o
S )
T

o

Relative energy (eV)

.
o

Reaction coordinate (A)

Fig. 8 (A and B) Surface structures of Cu(111) and CuO (111) facets with labeled adsorption sites. Reproduced with permission from Liu et al.*>* Copyright
2021 Elsevier. (C) Effective fractional charge of a proton in the outer Helmholtz plane. Reproduced with permission from Nerskov et al.2%® Copyright 2018
Spring Nature. (D—E) Electron density redistribution on copper surfaces. Reproduced with permission from Nerskov et al.**” Copyright 2018 American
Chemical Society. Critical structures optimized in vacuum from the *CHO path (F) and *COH path (H) on the Cu(111) facet. Energy curves for forming
*CHO (G) and *COH (I). Reproduced with permission from Carter et al.**® Copyright 2021 American Chemical Society.

considering the solvent model may differ significantly from the
actual structure in the solvent environment. Herein, it is
recommended to add implicit solvent models in the CO,RR
system to avoid the risk of obtaining qualitatively incorrect
results for specific systems. Considering the possible differ-
ences in the potential energy surface of the reaction path under
the solvent and gas phase at the three-phase interface of the
CO,RR reaction, all calculations should add an implicit solvent

This journal is © The Royal Society of Chemistry 2023

model, and explicit solvent models should be considered when
necessary.

3.1.2. Mechanism prediction. The model based on the
concerted proton-electron transfer step of the computational
hydrogen electrode is not directly applicable to the proton-
electron transfer step involving decoupling. Sequential proton-
electron transfer steps have been observed in metal and oxide
electrocatalysts. The effect of pH on the RHE scale has also
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been experimentally demonstrated. Generally, the computa-
tional hydrogen electrode model of eCO,RR on the Cu(211)
facet has been initially calculated using the modified Perdew—
Burke-Ernzerhof XC functional.’®>'®® The proton-coupled elec-
tron transfer steps on Cu(211) have been predicted to occur in
the following sequence: CO, - *COOH — *CO — *CHO —
*CH,O0 — *CH,O — CH, + O*.

The linear correlation between the adsorption energies of
similar intermediates enables the reduction of the complexity
of theoretical models. Moreover, Sabatier-type activity diagrams
are utilized for simultaneously analysis of multiple materials.
According to the linear relationship of the binding energies
between eCO,RR intermediate groups and surface atoms, the
Uy, (AG) of proton-electron transfer is a linear function of the
single intermediate binding energy. The breakage or circum-
vention of the linear relationship between eCO,RR and the
intermediates of electrocatalytic oxygen evolution and
reduction reactions has recently attracted significant attention.
For example, Norskov and colleagues have demonstrated that
the electrostatic well on a metal electrode surface may polarize
the overhanging solitary pair in the case of a lone pair surface
bonding to induce strong electrostatically driven bonding
(Fig. 8D).'®” These strong electrostatic interactions can break
the linear proportionality between the binding energies of
unsaturated intermediates and molecular species. The robust
polymerization of the CO dimer enables the formation of
*C,0,, which further explains the preference of the Cu(100)
facet for the synthesis of ethylene and ethanol over methane
(Fig. 8E). This study opens a novel avenue for designing a new
approach for breaking the linear relationships of the adsorbed
intermediates on the catalyst surface.

Compared to the methods mentioned above, the water-
solvation H-shuttling model considers the proton-coupled elec-
tron transfer step and the kinetic barrier of explicit water
molecules. This model has been used to simulate eCO,RR on
the Cu(111) facet (Fig. 8F-1).”%'%1%° Owing to the low barrier,
the H,O-assisted *CO — *COH H-shuttling favors *CO
reduction over *CHO formation compared to the computa-
tional hydrogen electrode model. However, this difference
may also be attributed to the reactivity of the simulated copper
facets in the above two studies. The computational hydrogen
electrode model uses the Cu(211) facet, whereas the water-
solvation H-shuttling model uses the Cu(111) facet.

3.2. Kinetics and pathways of C, product formation

3.2.1. *CO dimerization. The *CO generation pathway can
be analyzed using nudged elastic band, dimer, H-shuttling, and
meta-dynamic methods. For the Cu(111) facet, the activation
energy of the reduction of CO, to *CO can be obtained using
the explicit solvent method through nudged elastic band tran-
sition state search and the H-shuttling method.'”’® Moreover,
this model construction requires a low overpotential to reach
the kinetic threshold of 0.75 eV. The H-shuttling model based
on meta-dynamics exhibits fewer surmountable obstacles than
the explicit solvent model on the Cu(100) facet.**'”° The net
barrier (0.4 V vs. RHE) between CO, (g) and *COOH has been
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estimated at 0.8 eV. In contrast, formate is considered the
secondary choice, as the free energy difference between
*OCH,0 and *OCHO is 1.6 eV. In conclusion, *CO is the critical
eCO,RR intermediate for synthesizing C,, products.

The related theoretical research has been conducted based
on different models and approaches due to the complex path-
way. This increased complexity can be attributed to the cation-
induced field at the interface significantly affecting the C,.
intermediates and the corresponding additional degrees of
freedom. *OCCO possesses an insurmountable dimerization
barrier of >1 eV on different active facets in a vacuum."”"'”>
However, electrolyte effects render *OCCO stable concerning
2*CO, thus facilitating dimerization. The Cu(211) facet features
exposed under-coordinated surface copper atoms and is, there-
fore, less stable than Cu(100) and (111)."”*'7* Under standard
electrochemical conditions, the corresponding stability order is
Cu(100) facet > Cu(111) facet > Cu(211) facet. The eCO,RR
activity order is Cu(211) facet > Cu(100) facet > Cu(111) facet,
indicating that the Cu(211) facet exhibits lower barriers for the
formation of C,, products.'”® The charge and field distribu-
tions of the implicit solvent model will not be localized.
However, localization is still necessary owing to the explicit
cations. Gordon and colleagues have reported that the dimer-
ization barrier at 0 V on the Cu(100) facet is only 0.6 eV in the
case of continuous charge distribution in the solvent."”* Gen-
erally, the sensitivity of water solvation and the cation-induced
field may induce significant changes in the barrier of CO
dimerization on different copper facets, with values of 0.53-
1.3 eV obtained for the Cu(100) facet and values of 0.89-1.7 eV
obtained for the Cu(111) facet.

3.2.2. C, pathways. The theoretical prediction of methods
for improving C,. product selectivity is significantly essential.
In theoretical calculations, several physicochemical factors of
C,. selectivity on metal electrodes must be considered.

The first factor is the local pH surrounding the active site,
which directly affects the eCO,RR pathways and product dis-
tributions in different theoretical calculation systems.'”®'7®
Under neutral conditions, *CO is coupled with *COH to form
a new C-C bond, whereas *CO dimerization is dominant under
alkaline conditions. It is worth noting that other factors, such
as the ion buffer effect and mass transfer, also influence the
local pH value. The buffer solutions (CO,/H,CO;3/HCO; /CO3>~
equilibria or KHPO,) are sensitive to pH, electrolyte compo-
nents, and buffer capacity, which cast a vital impact on the
generation of different concentrations of carbonaceous inter-
mediate species.””® %> Dunwell and colleagues have explored
the primary carbon source using in situ Fourier transform
infrared experiments with isotope labeling, which excludes
the controversy about the natural source of CO,RR
products.'® The buffer anions enhance CO,RR performance
by increasing the effective reducible CO, concentration in
solution through rapid equilibrium exchange between CO,
and bicarbonate. Meanwhile, the mass transfer of reactants is
of great significance for improving C,. synthesis.'®* Nanostruc-
ture optimization and active site engineering still cannot
effectively improve mass transfer. It is crucial to supply CO,
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diffusion to the catalyst surface by gas-diffusion electrodes
based on CO, electrolyzers.

The second factor is the overpotential, which determines the
activation energy barrier and selectivity of the C; and C,.
pathways. Theoretical studies suggest that C,H, is formed by
*CO dimerization at low overpotential, whereas *CHO/*CO
coupling reactions dominate at high overpotential.'®> Pre-
sently, the recognized mechanism involves the formation of
C-C bonds via *CO coupling on the catalyst surface or CO
molecules in solution with ¥CHO adsorbed on the electrode
surface.'> Although the form of CO is still controversial, the
applied potential certainly affects C,, product selectivity.

The third factor is the oxidation state of surface metal
atoms. Numerous experiments have proven that the oxidation
state of surface Cu atoms plays an important role in
eCO,RR.*>"86187 por example, Goddard and colleagues have
theoretically predicted that the coupling of Cu" and Cu® sites
promotes CO, activation and *CO dimerization in oxide-matrix-
embedded metals.’® In addition, *CO, at Cu® sites can be
stabilized by *H,O at adjacent Cu" sites further enhancing the
activation of CO,. Meanwhile, *CO species adsorbed at Cu" and
Cu’ sites possess opposite charges (positive in the former case
and negative in the latter case), making them electrostatically
attracted to each other.

The fourth factor is the exposed active facet. The energy
distributions depend on the atomic structure of the catalyst
surface.'®®1% Moreover, it is essential to consider surface
reconstruction to achieve C-C coupling during theoretical
analysis. The last factor is dissolved cations and anions. Section
3.3 focuses on the analysis of electrolyte-ion accelerators and
buffering effects.

3.2.3. Kinetics and reaction barriers. The pathways of CO,
conversion to C,, products are complex and follow the activa-
tion energy trend of proton-electron transfer to different inter-
mediates. Explicit solvent models and nudged elastic band
barrier calculation of various metals have demonstrated that
proton-electron transfer to the oxygen terminus of intermedi-
ates is generally easy. In contrast, transfer to the carbon
terminus is more complicated.'®"*%'*! Similarly, explicit sol-
vent meta-dynamics and H-shuttling barrier calculations
demonstrate the hydrogenation of oxygen atoms during direct
*H transfer steps.

Electrochemical kinetics characterizes the rate, selectivity,
and intermediate coverage, which are all critical functions of
reaction conditions.'**'*®* However, owing to the dependence
of the rate index on energy, the prediction of the rate-
determining steps is subject to significant uncertainty. There-
fore, general trends are considered more reliable than absolute
ratios. The C, dynamic model tends to the initial C-C coupling
step. The coupling barrier for *CO dimerization increases
with the increasing cathode potential, whereas the coupling
barrier of *CO-*CHO dimerization decreases with increasing
overpotential.'>® Kinetic analysis has revealed that an appro-
priate overpotential can optimize the C,, product yield, con-
sistent with the experimental results obtained for the Cu(100)
facet. Owing to the pH modification of the models, all hydrogen
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transfers have been observed to be less favorable than C-C
coupling under alkaline conditions, which may explain the
higher C, selectivity at high pH.

Meanwhile, rate-limiting electron transfer in the eCO,RR
process has been a recurring and controversial topic in various
theoretical studies.'>'** Experiments have revealed that C,,
products with increased pH exhibit a lower initial potential;
thus, *CO dimerization was assumed to exhibit rate-limited
electron-proton transfer decoupling. Theoretical simulation
has revealed that the limited electron transfer uncoupled from
electron transfer exhibits absolute potential dependence, and
the reaction process is independent of the pH.'>* The depen-
dence on the absolute potential (vs. SHE) may result from (i)
proton-electron transfer from the proton source (H,O) during
the increase in pH or (ii) field stabilization through chemical
dipole steps. Particularly, the initial potential decreases with an
increase in the pH towards alkalinity. The current density of
HER on the metal surface depends only on the potential.'”®

The effect of pH on C,, selectivity has been investigated
using kinetic models."*® C,, activity increases at a high pH
value and depends on the absolute potential.'®® Jaramillo and
colleagues have explored the complete dependence of C,.
product activity, which is ascribed to the earlier determination
of the proton-electron transfer rate. Generally, the main qua-
litative characteristics of the experiment are consistent with
those obtained theoretically. At high overpotentials, the
decrease in C,, product yield is due to the decrease in CO
coverage at the beginning of the formation of C; products. As
C,. productivity is synchronized with CO coverage, the effect of
the reduced coverage on C,, production activity is more sig-
nificant than that on C; production activity.

3.3. Electrolyte effects

The influence of electrolytes cannot be neglected in theoretical
simulations as the electrolyte participates in the reaction by
interacting with reactants, catalyst surfaces, intermediates, and
products.

3.3.1. Cation effects. The near-surface double-layer ions
affect the eCO,RR pathway and thus cast an influence on the
product distribution. Early experiments have revealed that
eCO,RR selectivity is affected by alkaline cations in the electro-
lyte, with larger cations favoring C,. products.’®® Notably,
larger cations are more easily adsorbed on the cathode and
increase the outer Helmholtz surface potential and the pH
around the active site, to promote C,, product selectivity.
Similarly, the local pH decreases with the introduction of larger
cations owing to the buffering effects."”” Moreover, larger
cations exhibit lower pK, values. As limited mass transport
increases in the local pH, this pH change may be offset by large
cation buffering."*® The resulting reduction in pH enables the
maintenance of a higher CO, concentration on the cathode
surface, thus facilitating the reduction of CO,.

A consistent theoretical explanation of the effects of cation
size requires the exclusion of mass transport constraints
(Fig. 9A). For example, Bell and colleagues have explored the
effects of cation size on catalyst activity and selectivity at low
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overpotentials (Fig. 9B and C).'*° In addition, another study has
evaluated the effects of cation size on the energetics of eCO,RR
intermediates using the Bayesian error estimation functional
(vdw).>®® They have further found that the cation-induced
electric fields on the outer Helmholtz surface significantly
stabilized *CO, intermediates. Moreover, an increase in the
size of the cations in the outer Helmholtz plane is the crucial
factor for enhancing the C,. product, whereas larger cations
prefer to be located on the catalyst surface (Fig. 9D).>°* Another
study has revealed that the mechanism of a similar cationic
accelerator effect changes with the variation of overpotential
and active facets.”®> At low overpotential, the cation size
strongly affects the onset potential of C,H, synthesis. CH,
production is favored at higher potential with a cation size-
independent onset potential. Moreover, DFT Perdew-Burke-
Ernzerhof calculations have revealed that cations firmly
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stabilize OCCO* and OCCOH* adsorbents, thus promoting
the preparation of C,, products.’’

3.3.2. Anion effects. The type of anion present in the
electrolyte mainly affects the buffering, intermediate stability,
surface roughness, and other aspects, thus influencing eCO,RR
activity and selectivity (Fig. 9E).>*>?°* Recent Raman spectro-
scopy results are consistent with earlier theoretical predictions
that the co-adsorbed halide ions increase the amount of
adsorbed *CO on copper (ie, slightly promote *CO
binding).??>?>°® The resulting increase in the *CO coverage
contributes to C-C coupling. Furthermore, the co-adsorbed
anions increase the positive charge on the carbon atom of
*CO, thus changing the local charge state of this intermediate.
Due to the m-back-donation from copper, carbon atoms
adsorbed on the adjacent anionic-free surface sites become
more negatively charged. The two *CO molecules with opposite
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Fig. 9 (A) Scheme of cation effects. (B) Electric field distributions near the
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center. (C) The energy change for bringing solvated cations at the Cu(111)

facet. Reproduced with permission from Bell et al.**° Copyright 2017 American Chemical Society. (D) Model showing accumulated cations and depleted
anions in the vicinity of the electrode. (E) The modified model involves specific adsorption at the inner Helmholtz plane. Reproduced with permission
from Dong et al.?* Copyright 2021 American Chemical Society. (F) Scheme showing the effect of anions. (G) Current density and (H) production rates of
ethylene and ethanol in different electrolytes. Reproduced with permission from Cuenya et al.>®” Copyright 2017 American Chemical Society.
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charges effortlessly combine to form a dimer (*OCCO), which is
subsequently converted into C,, products.’* However, Carter
and colleagues have suggested that anionic co-adsorption
should induce more robust n-back donation. The carbon atom
of the adsorbed *CO intermediate becomes more negatively
charged, and the C-O bond is weakened (Fig. 9F).>°” When the
adsorbed anions on the metal surface contribute to the nega-
tive charge, the electron-rich metal favors n-back donation.>’®
The corresponding in situ Raman spectra have revealed the
ability of halogen anions (Cl~, Br~, 1", ClO,™) to bind to copper.
Thus, this evidence suggests that an increase in the amount of
co-adsorbed anions promotes a stronger n-back donation. The
weakening of the C-O bond results in a more excellent eCO,RR
activity (Fig. 9G and H).>*” Although the effect of anion adsorp-
tion on the exact change of *CO charge remains controversial,
anions undeniably play a significant role in C,, product synth-
esis by regulating the coordination environment of *CO.

3.3.3. Solvent effect. The concentration, type, buffer capa-
city, and pH of the electrolytes affect the local reaction condi-
tions and the product distribution, significantly influencing the
final catalytic performance.'”®?°>*'° The complexity of electro-
chemical systems hinders the investigation of direct correla-
tions between individual parameters and indicators of
electrocatalytic performance. Therefore, the role of different
electrolytes still needs to be further explored.

Electrolyte concentration is the primary consideration. To
further evaluate the impact of different electrolytes on CO,RR,
it is necessary to deeply understand the interaction among the
electrolyte, matrix, and intermediate species. Single properties
of the relative dielectric constant or pK, are insufficient to
describe the effect of the solvent on CO,RR activity and
selectivity. The potential, solvent, and ion models should be
clarified to investigate the electrochemical activation energy,
which may influence the reaction kinetics and selectivity.
Numerous corresponding theoretical methods have been
developed.'® However, the same processes measured using
various methods have comparatively different amounts of
energy. CO,RR energetics have been theoretically investigated
by implicit solvent models, which include explicit solvent
models with atomized water and ions and H-shuttling models
with protons shuttling back and forth from the surface. God-
dard and colleagues have applied quantum mechanics meth-
ods to develop a mechanistic understanding of the processes of
copper.”’® The energetics of reaction pathways on Cu(111) with
variable pH have been further investigated using a hybrid of H-
shuttling and implicit solvent models. C,. production is kine-
tically suppressed under acidic conditions (pH = 1). The selec-
tivity for C,, products arises by kinetically blocking C; pathways
under alkaline conditions (pH = 12). However, the theoretical
model shows higher C,. selectivity under alkaline conditions,
which is similar to the experimental results. The application of
solvent models needs to be further optimized and explored in
the future theoretical simulations.

3.3.4. Kinetic simulations. For the comprehensive evalua-
tion of selectivity and activity in electrocatalytic CO,RR,
kinetic barriers between different intermediates should be

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science
considered.*'''* Currently, the kinetic simulations of CO,RR
primarily focus on electrocatalysis in pure water. However, in
the electrochemical interface, solvated ions can serve as mobile
countercharges attracted by the electrode, which has a non-
negligible impact on the electrocatalytic processes occurring at
the interface. Ionic effects can be explored at a static level using
the nudged elastic band (NEB) method.”"” Chen and colleagues
have investigated the influence of cations on the electrocataly-
tic pathway of CO,RR on Ag(111) using an explicit model
combined with the NEB method.*"® The calculation shows that
the local cation-induced field can significantly stabilize the key
intermediates, including *CO, and *COOH, while reducing the
overpotential for product formation.

Traditional simulations often employ the NEB method to
describe reaction processes at a static level, which cannot
accurately capture systems with dynamic solvent behavior. To
solve the above issues, full dynamic simulations can be applied
to sample free energy surfaces. However, if the intermediate
state is separated by a high kinetic energy barrier, standard
unbiased ab initio molecular dynamics (AIMD) simulations will
be impractical. Various algorithms (including constrained
molecular dynamics, umbrella sampling, and metadynamics)
have been introduced to promote sampling potential energy
surfaces during CO,RR processes.”’”>'? Explicit solvent
models incorporating the above algorithms can provide a
relatively straightforward solution to evaluate ionic effects.
Liu and colleagues have investigated the influence of different
alkali metal cations on C,, product synthesis on the Cu(100)
facet using a combination of explicit solvent models, AIMD
simulations, and free energy sampling techniques.>?° As the
radius of alkali metal cations increases, the reaction free energy
and kinetic barriers of key steps involved in the production of
C,. species (such as CO dimerization to OC-CO) gradually
decrease.

Another challenge in current kinetic simulations is the
limitation of the electron reservoir in the simulations. Most
simulations are conducted under constant charge conditions,
resulting in the lack of potential variation throughout the
reaction process. Norskov and colleagues have proposed a
straightforward method based on the ideal capacitor model,
which only needs to calculate the barriers and the corres-
ponding surface charges at the initial, transition, and final
states under constant charge simulations.””" The energy at
different potentials can be corrected using the following
equation:

AE =1/2(Q; — Q1)(®, — ?4)

where Q is the surface charge (Hirschfeld or Bader charge) and
® represents the work function. This correction can be used for
kinetic simulations to explore the kinetic barriers under con-
stant potential conditions. To consider the electrocatalytic
system beyond the static level, constant potential hybrid-
solvent dynamic model with the implicit solvent and the
“slow-growth” approach is a potential strategy to evaluate the
kinetic potential barrier of electrocatalytic processes more
accurately.
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3.4. High-throughput calculations

Artificial intelligence and big data analysis play an increasingly
important role in modern technology, presenting new develop-
ment opportunities in several fields due to the rapid develop-
ment of computer hardware and software.”*>*** Recently,
machine learning models have been applied to atomic simula-
tions and electronic property predictions.>”**** Machine learn-
ing enables the solving of the traditional Schrédinger equation
to obtain the formation enthalpy, density function, basis group
effect, recombination energy, chemical reactivity, atomization
energy, dynamic density function, electronic ground state prop-
erties, transition state partition surface, polymer properties,
electron transfer coefficient, crystal properties, atomic charge,
dipole moment, electronic excitation energy, and electronic
density function.>*® Developing density functional techniques
has led to an unprecedented atomic-level understanding of
catalyst surface reactions to develop suitable catalysts. A large
number of prospective materials and a system composed of
dozens of atoms may require several hours of calculations. It is
impossible to achieve high-throughput catalyst screening
through quantitative calculations. The rapid development of
machine learning enables the performance of such screening
using reasonable chemical models of specific reactions.”*”**®
The atomic-level quantum chemical mechanisms enable the
search for a suitable single or small descriptor to evaluate
catalyst reactivity.

Zhou and colleagues have predicted the eCO,RR perfor-
mance of single-atom catalysts using a machine-learning
model.?*® Based on two simulated materials (M-C,S, and M-
CNO,), AG¢o heat maps have been predicted using machine
learning, considering various bonding environments between
metal and non-metal atoms. Taking the AGgo of materials
experimentally confirmed to be good electrocatalysts as a
reference, the authors have preliminarily screened the most
promising doping atoms and the most suitable non-metallic
coordination environments for CO, reduction. Furthermore,
considering the HER competition, catalytic systems with
improved eCO,RR selectivity (such as Sc-CNj, Ti-C,S,, V-NP3,
Fe-C,S,, Co-CS;, Ni-C,NP, and Zr-CN,S) have been screened by
overlapping AGgo and AGy heat maps. This machine-learning
research provides an effective method for optimizing the com-
position of single-atom catalysts and guiding the experimental
exploration of eCO,RR electrocatalysts.

4. In situ/operando spectroscopic
investigation of the eCO,RR

Reaction rates and selectivity determined by computational
studies are well correlated with the corresponding experimental
data. However, theoretical models focus on well-ordered elec-
trocatalytic systems, whereas actual reaction systems are
complex. Therefore, there is an urgent need to apply advanced
in situ/operando techniques to explore eCO,RR mechanisms
under various operating conditions. Many vital issues of
eCO,RR (such as catalyst stability, critical intermediate
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identification and configuration, determination of catalytically
active sites, and the influence of the reaction environment) can
be clarified using the in situ/operando approach.?**">*3 These
techniques can capture the subtle physicochemical details of
materials. The real challenge is in coupling eCO,RR occurrence
and meeting the requirements of operating conditions.

4.1. Optical characterization techniques

Optical spectroscopy employs non-ionizing radiations ranging
from far infrared to deep ultraviolet. In situ catalytic processes,
such as electron transfer and bonding, have been explored
with excellent sensitivity and rates using inelastic light scatter-
ing. In the eCO,RR process, the structural evolution of catalysts
and the vibration frequency of the adsorbed intermediates
can be monitored by various characterization methods. For
example, optical Raman and infrared spectroscopy are finger-
print techniques used to identify the vibration patterns of key
intermediates.>**

4.1.1. Raman spectroscopy. Raman spectroscopy can
detect signals in the low-wavenumber region of metallic bonds
and monitor catalyst surfaces with higher oxidation states. This
method is suitable for recognizing catalytically active sites and
key intermediates and analyzing the pathways of solid-liquid
interface electrochemical reactions. Moreover, water present in
the eCO,RR system exhibits a low Raman scattering cross-
section. Considering that the inelastic Raman scattering sig-
nals are acquired from the illuminated point, operando Raman
reactors typically have an observation window above the
catalyst surface and share incident illumination in a confocal
configuration (Fig. 10A).>** The beam energy and flux are
compromised to optimize irradiation intensity and prevent
sample damage. A water immersion objective with a long
working distance is generally used to enable the entry of a
sufficient amount of electrolyte. A cover glass is placed on the
target catalyst. Thus, the possible optimized detection sensitiv-
ity can be achieved without electrochemical distortion and lens
pollution.

In situ Raman spectroscopy has been utilized to explore the
surface structure catalysts. Xiong and colleagues have resorted
to in situ Raman for proving a large number of grain boundaries
on Cu,O superparticles.' The peaks of in situ Raman spectra
observed at 2060-2080 cm ™" are assigned to the C-O stretching
mode of the *CO intermediate (Fig. 10B). The *CO peak is
enhanced with decreased potential, and the intensity of this
peak becomes lost with a further decrease in the overpotential
(—0.95 V vs. RHE). This behavior has indicated the conversion
of *CO into C,H, and other products. The *CO peak of the
control Cu,O cube is weak, which is consistent with the
eCO,RR results. HCOOH/H, has been observed as the main
product, and the *CO intermediate cannot be formed at low
overpotentials. Considering the direct impact of local pH
changes near the electrode surface on electrochemical CO,RR,
Francisco and colleagues have integrated in situ Raman tech-
nology with a continuous flow cell to achieve real-time detec-
tion of local pH near the GDE under reaction conditions.”** The
CO,-OH™ neutralization formed CO;>~ and HCO;™~ have been
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Fig. 10 (A) Schematic illustration of the operando Raman spectroscopy setup. (B) In situ Raman spectra of Cu,O superparticle-CP3 during eCO,RR.
Reproduced with permission from Xiong et al.1°2 Copyright 2022 WileyVCH Verlag GmbH & Co. KGaA, Weinheim. (C) In situ surface-enhanced Raman
spectroscopy of the copper catalyst in 10% O,/90% CO, feed solvent. Reproduced with permission from Lu et al.239 Copyright 2020 Spring Nature.
(D) Schematic illustration of the operando infrared spectroscopy setup. (E) In situ ATR-SEIRAS spectra on different copper oxides as a function of the
applied potential. Reproduced with permission from Gao et al.8? Copyright 2022 American Chemical Society. (F) Schematic illustration of the operando
XAS setup. (G) XANES spectra of metal-N—-C at various applied potentials in a CO,-saturated solvent. Reproduced with permission from Jiang et al.2*
Copyright 2022 American Chemical Society. Schematic illustrations of the operando XPS (H) and XRD (I) setup.
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selected as the pH probes for in situ Raman characterization.
The above pH probes have distinguishable Raman features and
can be independently quantified. Meanwhile, the acid-base
equilibrium between CO;*~ and HCO;  can be utilized to
derive the pH. As the in situ Raman tested, the HCO; ™ distribu-
tion extends 120 pm into the electrolyte, and the local pH on
the cathode surface is 7.2. This demonstrates that the nominal
overpotential reduction originates from the Nernst potential
energy of the pH gradient layer at the cathode/electrolyte
interface. Therefore, in situ microarea Raman spectroscopy
has great potential for investigation of the local pH value near
the GDE under working conditions. Although the spatial reso-
lution and Raman sensitivity of in situ microarea region Raman
are still limited, the above issues can be overcome by techni-
ques such as surface-enhanced Raman.

Meanwhile, the extensive application of Raman spectro-
scopy begins with observing the surface-enhanced Raman
scattering (SERS) effects.***>*® To date, operando SERS has
been used to monitor the metastable status of the catalyst
and identify intermediates during the eCO,RR process. In situ
SERS has proved that surface hydroxyl species can significantly
improve the eCO,RR activity of Cu microparticle systems dur-
ing co-electrolysis at a low O, concentration (Fig. 10C).>*° Cu
microparticle catalysts can easily exhibit a surface-enhanced
Raman signal, reducing the introduction of SERS-induced
particles. Multiple peaks attributable to surface Cu,O (CuyOgyyr)
have been observed at the open circuit potential. An additional
peak appeared at 360 cm ' after Cu,Og,¢ has been removed at
0 Vvs. RHE in the CO, atmosphere and disappeared at —0.4 V
vs. RHE. Therefore, the intermediate species are unlikely to
affect eCO,RR significantly. In the O, atmosphere, a prominent
surface hydroxyl peak appeared below 0 V vs. RHE. The SER
spectra have demonstrated the characteristics of O, and CO,
atmospheres. The critical difference in the SER spectra of CO,
and O, + CO, atmospheres has been identified as the presence
of surface hydroxyl species, which are responsible for the
different eCO,RR pathways observed with or without O, in
the reaction atmosphere. Furthermore, Weckhuysen and
colleagues have integrated operando SERS with sub-second
time resolution and atomic force microscopy (AFM) to suc-
cessfully monitor the dynamics of CO,RR intermediates and
Cu surfaces.”*® AFM results have demonstrated the SERS-
active nanoparticles formed on the Cu surface after
anodic treatment. Besides, a characteristic vibration band
below 2060 cm ' in operando SERS spectra has been
observed, which should be ascribed to the dynamic *CO
intermediate related to C-C coupling and ethylene produc-
tion. Further investigations have concluded that anodic
treatment and subsequent surface oxide reduction induced
greatly enhanced roughness of the Cu electrode surface,
resulting in fourfold improved CO,RR efficiency toward
ethylene. The detailed examples above demonstrate that
in situ Raman/SERS can easily provide the microstructure
information of the molecules on the electrode surface (inter-
face). This technology has incomparable advantages in track-
ing phase structure transition and reaction intermediate
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transformation, which contribute to exploring the eCO,RR
reaction mechanisms.

4.1.2. Infrared spectroscopy. Infrared spectroscopy is a
suitable technique for monitoring organic species adsorbed
on the surface of metal electrodes based on specific absorption.
The complexity of metal-catalyst surface characterization
makes this method unsuitable for observing catalyst states.
Nevertheless, infrared spectroscopy can provide the fingerprint
identification of polarizable radical groups for the critical
oxygen-related intermediates involved in eCO,RR, which
mainly exhibit absorption in the range of 800-1600 cm .
Owing to the short lifetime and a limited number of electro-
chemical intermediates on the surface, in situ Fourier trans-
form infrared spectroscopic (in situ FTIR) methods are urgently
required (Fig. 10D).>*** Surface-enhanced infrared absorp-
tion spectroscopy (SEIRAS) is sensitive to adsorbed intermedi-
ates with C-O bonds on the surface of the metallic catalysts. As
eCO,RR typically involves immersed and immobilized surfaces,
the attenuated total reflection (ATR) infrared operating mode is
commonly utilized to minimize interference from the electro-
Iyte layer. Li and colleagues have investigated the active groups
on the surface of Ir;-CuzN/Cu,O using ATR-SEIRAS to explore
the primary eCO,RR mechanism.>** A peak has been observed
at 1657.5 cm™ ', ascribed to water adsorption at —1.1 to —1.5 V.
In contrast, the opposite characteristic peak of adsorbed H,O
has also been detected. The H,O molecule only combines with
the *COO intermediate on pure Cu;N without forming a pro-
ton. H,O molecules have been activated at the Ir; site of the Ir;-
Cu;N/Cu,O multisite catalyst, after which they are continuously
consumed to produce protons. The newly generated *COO
species have been rapidly protonated to form *COOH inter-
mediates, which correspond to the more notable and stronger
peak at 1218.3 cm™". In addition to the detection of the surface
coverage of the above-mentioned *CO intermediate, the vital
progress of in situ FTIR in CO,RR includes the detection of new
species on the electrode surface and the pH analysis on the
electrode surface.

Furthermore, ATR-SEIRAS has been employed to investi-
gate the eCO,RR mechanism of oxide-derived Cu nano-
crystals.®”?”%?%*> Three notable characteristic peaks have been
observed in the open circuit voltage range of —1.2 V (vs. RHE).
Characteristic peaks observed at —1520 and —1620 cm™ ' are
assigned to the desorption of HCO; ™ and the bending vibration
of water molecules, respectively. The peak at 2040-2049 cm ™"
corresponds to the stretching vibration of *CO linearly
adsorbed on the interface (Fig. 10E).®* It is worth noting that
this characteristic peak experiences a slight red shift at negative
potentials, which is caused by the Stark tuning effect under the
action of a more negative electric field. Electron transfer from
the catalyst to the 2mn* orbital of *CO exhibits a negative
correlation with the wavenumber of the ATR-SEIRAS peak.
Further, the stretching band frequency of *CO adsorbed on
OD-Cu-III has always been lower than those of OD-Cu-I and OD-
Cu-V at different potentials. The interaction between the
adsorbed *CO species and the OD-Cu-III catalyst is concluded
to be stronger, promoting *CO dimerization. The study of
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eCO,RR kinetics requires in situ/operando experimental inves-
tigations of the quantitative correlation between the surface-
mediated electrochemical reaction rate and interfacial inter-
mediate concentration. Electrochemical in situ FTIR technology
monitors the adsorption and desorption behavior of the inter-
mediates, the electrode structure evolution, and the micro-
environment of the electrode surface at the molecular level.
This is of great significance to the rational design of catalyst
structure and the exploration of new reaction mechanisms.
Although in situ FTIR techniques have numerous advantages in
studying the catalytic reaction at the electrode surface/inter-
face, a series of problems will occur in the actual test process,
such as the absence of any intermediate absorption peak, the
strong infrared absorption peak of H,O, and the red or blue
shift of the absorption peak position. Therefore, it is necessary
to improve specific test methods according to the existing
system to obtain objective and accurate in situ FTIR results.

4.2. X-Ray characterization techniques

X-Ray characterization techniques complement optical charac-
terization and help to overcome the limitations of catalyst
surface analysis. Operando X-ray techniques have demonstrated
outstanding potential for exploring the active sites and
mechanisms of catalysts.>****” However, no direct applications
of these techniques to eCO,RR systems have been reported
owing to installation complexity or limited central facilities.

4.2.1. X-Ray absorption spectroscopy. XAS is an excellent
method for analyzing gaseous, liquid, and solid samples. It
enables the indirect detection of adsorbed species by monitor-
ing subtle changes in the coordination environment and state
of target catalysts (Fig. 10F).>*®?*® X-Ray absorption near-edge
structure (XANES) spectroscopy provides element-specific infor-
mation on the electronic structure, geometric bonding of
absorbing atoms, and electron transitions from occupied to
unoccupied states.>>® Premarginal peaks occur with the orbital
hybridization induced by assortative species. Extended X-ray
absorption fine structure (EXAFS) spectroscopy provides local
structural information on the bond distances and coordination
numbers around absorbing atoms. The observed coordination
number is consistent with the theoretical particle size esti-
mated from processed EXAFS data.

Jiang and colleagues have integrated operando XAS analysis
and used an atom-dispersed nickel catalyst as a model, in
which the isolated Ni sites are stabilized by pyrrole nitrogen
in the form of Ni-N;. A complete view of potential-induced
structural changes at the atomic level during eCO,RR has been
achieved by the in situ investigation (Fig. 10G).>*" The XAS test
during the CO,RR electrolysis shows no obvious changes in Ni
XANES under different potentials applied, suggesting the high
stability of those isolated Ni active sites over graphene and thus
ensuring a practical use in long-term electrolysis. Furthermore,
Sargent and colleagues have systematically altered the organic
linkers and metal nodes of a face-centered cubic MOF to
regulate its CO, adsorption ability, porosity, and Lewis
acidity.”” Operando XAS has revealed the stability of MOFs
under in situ operating conditions. With an increase in the CO,
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concentration, the above regulation plays an essential role in
optimizing the binding mode of the *CO intermediate on the
surface. Hwang and colleagues have conducted the XANES
analyses of Cu-based nanoparticles during the eCO,RR
process.>®> Operando XANES spectra measured at —1.1 V vs.
RHE have clearly shown that the oxidation state of the catalyst
(Cu,0) reduces toward metallic Cu. This observation is consis-
tent with the other previously reported structural evolutions of
oxide-derived Cu catalysts.”>® The reduced metallic Cu® has
been fragmented, while producing the highest FE (73%) for C,
+ C; chemicals. The authors have also concluded that the
fragmented Cu-based nanoparticles for CO,RR deriving from
the initially generated metallic Cu cast significant influence on
the final catalytic performance. To sum up, operando XAS is
able to capture and analyze the coordination environment of
atoms and valence configuration of the catalysts during the
eCO,RR. The change of interface electrons, atomic structures,
and oxidation state of active species can be tracked. However,
operando XAS is a bulk detection technique by measuring the
ensemble catalyst film and hence cannot precisely reflect the
structural information of the catalytic reaction occurring at the
solid-liquid interface. The new XAS technique, combined with
other in situ/operando approaches and theoretical calculations,
opens a novel approach to clarify the mechanism of eCO,RR.

4.2.2. X-Ray photoelectron spectroscopy (XPS). XPS
simultaneously measures the kinetic energy from a sample
surface at a depth of several nanometers and provides a
fingerprint of chemical and electronic state structures.>** Con-
sidering the short inelastic mean free path (IMFP) of photo-
electrons, XPS analysis is typically operated under an ultrahigh
vacuum. Harsh test conditions make the operando electroche-
mical studies of solid-liquid interfaces very difficult.

Fundamental analysis of the chemical structures can be
achieved by transferring materials from the electrocatalytic
reaction reactor to the XPS chamber under vacuum. Such
ex situ experiments have been widely performed for oxide-
derived eCO,RR catalysts. However, during sample transfer
under environmental conditions devoid of electrochemistry,
the rapid interaction between the reactants and solvent may
affect the outcome of measurements. These ex situ XPS tests are
conducted during the inevitable exposure of the sample to air,
which induces changes in the oxidation state of the catalyst
surface. Therefore, the natural catalyst surface structure cannot
be captured.

A feasible strategy to solve this problem is constructing a
reactor with an optoelectronic transparent graphene film as a
pressure barrier. Using a technique similar to operando photo-
emission electron microscopy, a membrane-sealed flow cell
electrochemical reactor can be employed for operando XPS
characterization in an ultrahigh vacuum.?**?°® Another strat-
egy is to separate the sample chamber from the electronic
analyzer using a differential pumping and electrostatic lens
system. This method enables the placement of an unsealed
reactor in a sample chamber at near-atmospheric pressure
(Fig. 10H). Ambient-pressure X-ray photoelectron spectroscopy
(APXPS) recommends the application of synchrotron radiation
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sources owing to their balance of incident photon energy,
photoelectron IMFP, and photoionization cross-sections.'*>
However, the electrolyte layer must be sufficiently thin
(<20 nm) for adequate characterization under these condi-
tions. Hence, future works must focus on the effective combi-
nation of vacuum XPS and in situ eCO,RR tests or the
development of in situ/operando APXPS. Further development
of X-ray based in situ XRD characterization tests is required to
detect the reaction stability of metal materials (Fig. 101).>>”>®

4.3. Electron microscopy characterization

Electron microscopy characterization, including transmission/
scanning electron microscopy (TEM/SEM), has provided
atomic-level information on the morphological evolution and
compositional changes of catalysts during a reaction. An in-
depth study of the target reaction mechanism can be achieved
by tracking subtle changes in the catalysts and electron transfer
processes on the surface.

4.3.1. Liquid-phase transmission electron microscopy
(LPTEM). In situ LPTEM is an instrumental approach for the
real-time tracking of physical migration, morphological evolu-
tion, and compositional changes during catalytic
processes.”®®*%° The structure of the electrolytic cell used for
LPTEM is shown in Fig. 11A. A flowing electrolyte is introduced
around the microcell in the main observation window. This
structure enables the detection of diffusion-limited reactions,
such as eCO,RR. However, there is a large gap between the test
conditions of in situ electrochemical TEM and actual electro-
catalytic conditions. The limited space of the internal electrode
may result in uneven electric field distributions and the gen-
eration of hotspots, which promote activity near the electrode
tip.”® Moreover, high-energy electron beams can cause
radiation-induced decomposition and sample damage, thus
affecting the analysis of the variation in the material structure
during the in situ tests.

Morphological changes under high-resolution operating
conditions can be instantly recorded by in situ LPTEM, thus
providing valuable information on the surface transformation
mechanisms during the catalytic eCO,RR. Liao and colleagues
have observed the etching of MOFs during eCO,RR using in situ
LPTEM and identified the mechanism of the stability-
controlled transformations from ZIF-67 to transition metal
cobalt hydroxide (Fig. 11B and C).*** Under slow diffusion
conditions, the nanobubbles in the materials gradually move
out. Transition metal cobalt hydroxide clusters are formed on
the interface, which favors the formation of the porous struc-
tures (Fig. 11C). Furthermore, diffusion results in the rapid
formation, aggregation, and remodeling of nanobubbles, thus
inducing the formation of layered structures. Although LPTEM
is not currently available for fully operando tests, this technique
holds great promise for further applications. The demand of
the ultra-high vacuum condition, the difficulty in the design of
in situ TEM cells, and the possible damage from the electron
beam to the catalysts are the existing challenges for developing
operando TEM techniques.
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4.3.2. Scanning electrochemical microscopy (SECM).
SECM is used to realize single-entity electrochemical measure-
ments to unlock the complexity of heterogeneity in nanocrystal-
line catalysts.”®*?%* Unraveling the true structure-property
correlations may promote the identification of nanocrystals
with anomalous properties.*®®> Baker and colleagues have sepa-
rated single gold nanocrystals with well-defined surfaces and
investigated their eCO,RR responses using environmentally
controlled SECM (Fig. 11D).>'* Considering the drop-casting
of nanocrystal solutions on solid substrates, electrospray
deposition methods have been employed to provide isolated
nanocrystals with moderate area densities. Ye and colleagues
have developed a nano-electrochemical cell on each attached
nanocrystalline layer to accurately control the humidity, tem-
perature, and gas atmosphere.”’* The hyperspectral data are
obtained using local voltammetry experiments. The gas-elec-
trolyte—catalyst triphasic boundary of the nano-electrochemical
cell simulates the eCO,RR gas diffusion electrode configu-
ration. Comparing SECM and SEM images has revealed correla-
tions between high current measurement and the catalyst
location. SEM imaging after SECM exhibits droplet footprints,
indicating the incomplete wrapping of the clustered nanocrys-
tals (blue dots) or deformed particles by the electrolyte. The
SECM image is obtained under favorable conditions for HER in
an argon atmosphere of —0.9 V (vs. RHE) (Fig. 11E). In a CO,
atmosphere, the cathode current of nanocrystals is continu-
ously enhanced with an increase in the potential above —0.5 V
(vs. RHE) (Fig. 11F). Lastly, the results reveal that {110}-tip
rhomboid gold exhibits superior eCO,RR selectivity and activity
compared to the {111}-tip octahedron and the high exponential
{310}-tip-truncated binormal prism. Notably, at low overpoten-
tials, the electrode dynamics are expected to dominate the
current response.

5. Optimization of the triphasic
interfacial reaction system

The efficiency of eCO,RR typically depends on the multistep
proton-electron transfer process and the interfacial diffusion
mass transfer kinetics. The former process is mainly affected by
the crystal structure and active sites of the electrocatalyst,
whereas the latter is affected by the wettability and physico-
chemical properties of the interface structure. The promising
achievements in regulating the composition and structure of
electrocatalysts are summarized in the previous sections. In
traditional solid-liquid two-phase reaction systems, high selec-
tivity for CO, reduction products can be achieved at a low
current density. However, the low solubility of CO, in common
electrolytes and the low liquid diffusion coefficient of the gas
therein limit further improvements in the current density. In
recent years, gas—solid-liquid triphasic interface models have
been increasingly applied to study eCO,RR.>°*®°° The design
and regulation of the micro-/nanostructure and interface prop-
erties of catalysts enable the adequate enrichment of the
catalyst surface with CO, molecules in the form of adsorption

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (A) Schematic illustration of the operando TEM setup. Sequential TEM images tracking the transformation process of materials during the catalyst
synthesis (B) and eCO,RR (C). Reproduced with permission from Liao et al.2%2 Copyright 2022 Elsevier. (D) Schematic illustration of the operando
scanning electrochemical microscopy (SECCM) setup. SEM image and the corresponding SECCM map of metal nanoparticles under an Ar atmosphere (E)
and CO, atmosphere (F). Reproduced with permission from Ye et al.?** Copyright 2022 American Chemical Society. (G) pK, of hydrolysis of hydrated Li*
and Cs* inside the Helmholtz layer and in the bulk electrolyte and distribution of pH and CO, concentration in the boundary layer. (H) FE of eCO,RR
products with different electrolytes. Reproduced with permission from Bell et al.>” Copyright 2016 American Chemical Society. (I) Turnover frequencies
and (J) selectivity of hydrocarbon products formed plotted as a function of the EMIM-BF, concentration. (K) DFT-computed free energy cost, AG, of
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bubbles or a continuous flowing gas phase. The optimization of
the above reaction system enables overcoming the diffusion
and mass transfer limitations of traditional two-phase systems,
thus improving eCO,RR efficiency at high current densities.

5.1. Optimization of electrolytes

Electrolytes participate in eCO,RR by interacting with catalysts,
reactants, intermediates, and products. Common aqueous

This journal is © The Royal Society of Chemistry 2023

electrolytes mainly contain inorganic salts, alkali metal cations,
carbonate/bicarbonate ions, and halogen ions. A deep mecha-
nistic understanding of the electrolyte effect helps to improve
eCO,RR activity and selectivity through efficient electrolyte
design. The theoretical calculations summarized in previous
sections indicate that different anions and cations exhibit
different eCO,RR activities.?”® Therefore, the influence of the
electrolyte on the catalyst structure and the catalytic reaction
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should be further explored to improve eCO,RR activity and C,.
selectivity through practical electrolyte design.

5.1.1. Optimization of cations. The size of alkali cations
strongly affects the product distribution of copper-based cata-
lysts. The previously summarized theoretical studies have
demonstrated that introducing alkali-metal cations can shift
the outer Helmholtz layer potential and increase the local pH
value on the surface to favor C,, product formation (Fig. 11G
and H)."*®"” Koper and colleagues have elucidated the mecha-
nism of selected cations affecting eCO,RR and competitive
HER.>’" At high concentrations, cations significantly inhibit
the HER and activate CO, in acidic environments. Non-acidic
cations exhibit low repulsion at the interface and accumulate in
the outer Helmholtz layer, thus exerting local promotional
effects. On the other hand, acidic cations in alkaline electro-
lytes are hydrolyzed to enable a second proton reduction
mechanism. Although the use of alkaline electrolytes inhibits
HER, it results in the conversion of CO, into CO;>~, which
cannot further participate in electrochemical reduction. This
conversion results in one-way CO, conversion efficiencies of
<50%."%7 Although acidic environments increase the one-way
conversion efficiency of CO,, they also facilitate HER. To solve
these problems, Sargent and colleagues have attempted to
achieve a highly selective electrochemical CO, reduction by
adding alkali metal salts under strongly acidic conditions (pH
< 1).””? The alkali metal ions adsorbed on the electrode surface
can change the interfacial electric field distribution, restrict the
migration of hydronium ions, and inhibit the HER. Meanwhile,
the interaction between the electric field and the dipole
moment of intermediates promotes the electrocatalytic
reduction of CO,.

The interpretation of cations effects has been further inves-
tigated. Bell and colleagues have proposed a theory for this
buffering effect.””> The pK, of the cations decreases with
increasing ion size. Suppose the pK, is lower than the pH of
the adjacent solution, the solvated alkali cations release H' as a
buffer to adjust the pH on the surface, reduce the CO, conver-
sion into CO;>~ and HCO; ™, and improve the CO, solubility at
the interface. Meanwhile, Xu and colleagues have explored the
effect of cation size on interfacial CO, concentration using
in situ transmission infrared spectroscopy.'®® The interfacial
CO, concentration decreases and depends on the rate of OH™
generation by electrolysis rather than on the buffering effect of
alkali metal cations.

It is difficult to determine the degree of interaction between
cations and electrode surfaces from an experimental perspec-
tive. Only some macroscopic physical parameters, such as
electrode surface pH and interfacial CO, concentration, can
be experimentally determined. The experimental determina-
tion of mechanisms is extraordinarily challenging and prone to
conflicting theories. This pending problem requires applying
in situ characterization techniques and computational simula-
tion methods to gain a deeper understanding.

5.1.2. Selection of anions. In addition to cations, anions
also play a significant role. Commonly used anions include
CO,%"/HCO;™ and halogen ions. The anion action mechanism
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depends on the anion type.”’”* As the CO,-carbonate-water
balance helps to maintain a neutral overall pH value, the
earliest electrolyte used for eCO,RR is Na,CO3;/NaHCO; and
solutions of other salts (mainly those with CO;>~ and HCO;™~
anions). The results of constant-current electrolytic eCO,RR in
various electrolyte solutions (KCl, KClO,, and K,SO,) have
revealed that alcohols and hydrocarbons are the preferred
products in the above electrolyte.*** The non-equilibrium high
local pH region can explain this phenomenon near the surface
of catalysts. As mentioned, OH™ is released during electrical
reduction and is neutralized by HCO; . Therefore, the pH may
rise in the unbuffered electrolyte due to the inadequate neu-
tralization used to favor the C,, pathway over the C; pathway.
Other works on the influence of solvent concentration also
reflect the above trends. The rates of hydrogen precipitation
and C; product formation increase with an increase in the
concentration of the anion, which further suggests the influ-
ence of local pH effects.””®

In addition to being a pH buffer and a proton source,
bicarbonate can function as a CO, source. Dunwell and collea-
gues investigated the eCO,RR mechanism in a bicarbonate
electrolyte on a gold electrode using isotope labeling.'®* Owing
to the dynamic chemical equilibrium between CO, and HCO; ",
bicarbonate acts as a carbon source for converting CO, to *CO.
OH™ is another commonly found anion in electrolytes, with
alkaline environments favoring the formation of C,, products.
Both theoretical calculations and experimental explorations by
Sargent and colleagues have revealed that OH not only
reduces the binding energy of *CO dimerization for the for-
mation of *OCCO but also promotes the charge imbalance
between carbon atoms in *OCCO. The stronger dipole attrac-
tion in this intermediate and the reduction of the activation
energy of *CO dimerization are finally realized.""*”*

In recent years, the excellent performance of halogen ions in
eCO,RR has been demonstrated.”’®?”” During the deposition
process, these ions change the surface structure and morphol-
ogy, generate unique crystal facets, and improve the roughness
of the electrode material. The doping of halogen ions enables
the activation of H,O via the regulation of the electronic
structure, which promotes the formation of critical active
intermediates. Halogen ions can also be used as electrolyte
additives to affect the adsorption of intermediates and active
species. After adsorption on the inner Helmholtz layer, halogen
ions engage in strong van der Waals interactions with active
intermediates. Anions mainly affect the morphology of elec-
trode materials during deposition, regulating the transfer of
electrons from the electrode to CO,. Zhai and colleagues
optimized the different steps of C,, product synthesis by
leaching out halogen ions on the AgI-CuO tandem catalyst
under CO,RR conditions.?”® The leaching of iodine ions inhi-
bits the reduction of CuO nanosheets to obtain stable active
Cu’/Cu’ species, promoting *CO overflow. After the in situ
leaching of iodine ions, the I-modified Ag structure tandem
catalyst promotes the production of CO, and the Cu-Cu,O
heterojunction structure facilitates the formation of the key
intermediate *OCCO for C-C coupling. Presently, progress has

This journal is © The Royal Society of Chemistry 2023
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been made to elucidate the interaction mechanisms of both
cations and anions. However, deeper microscopic interaction
mechanisms should be further investigated with the develop-
ment of in situ characterization technologies and computa-
tional simulation methods.

5.1.3. Exploration of ionic liquids. As a new type of electro-
lyte, ionic liquids have been used in eCO,RR systems. They
exhibit several advantages, including a wide electrochemical
window, low volatility, and high CO, dissolution and activation
efficiency. Ionic liquids promote CO, adsorption, stabilize the
reaction intermediates and effectively reduce the eCO,RR
overpotential.>”*>?*%° Moreover, ionic liquids regulate product
selectivity and current density by changing the structure of the
double electric layer on the electrode surface.?! In the case of
imidazole-based ionic liquids, strong hydrogen bonding exists
between the C, hydrogen and CO, in the imidazole ring. The
longer alkyl side chain can provide a larger steric hindrance
cavity to increase the solubility of CO,. Based on the Lewis acid-
base pair theory, strong Lewis acid-base interactions between
anions and CO, molecules also favor efficient CO, dissolution
and activation.

A comparison of the structural characteristics of CO, acti-
vated by water and 1-ethyl-3-methylimidazolium tetrafluorobo-
rate has revealed that the interaction energy between carbon
atoms in the imidazole ring and carbon atoms in CO, was
—0.36 €V. On the other hand, the interaction energy between
water molecules and CO, was only —0.11 eV (Fig. 111).>**> CO,
molecules undergo significant bending under the action of
ionic liquids, and the resulting elongation of C-O bonds favors
CO, activation (Fig. 11]). The influence of ionic liquids on the
stability of intermediates and reaction pathways has also been
explored (Fig. 11K). Sha and colleagues have found that the FE
of C,H, formation significantly increased with the modification
of the copper electrode surface by using 1-ethyl-3-
methylimidazolium nitrate.”®® For the decisive step of C-C
coupling to produce C,H,, the presence of an ionic liquid
reduces the energy barrier of *CO dimerization into *OCCO
by 0.35 eV, thus favoring the formation of C,H,.

The interface between a metal electrode and an ionic liquid
is very different from that between a metal electrode and an
aqueous solution. At the applied potential, the dynamic trans-
formation of the ionic liquid structure at the interface is slow.
The reconstruction of the multilayer structure enables the
formation of a significant double-layer structure. Characteriza-
tion by vibrational sum-frequency generation spectroscopy has
revealed that their structural transformation controls the
reduction of CO, in ionic liquids.*** However, it is difficult to
directly detect the interfacial reaction mechanism in the struc-
ture of interfacial double electric layers with thicknesses of only
several nanometers. At this stage, the formation and action
mechanism of the interface structure have been discussed
extensively using simulation calculations. In conclusion,
although introducing ionic liquids into eCO,RR systems may
be a promising approach to explore, the insufficient stability of
ionic liquids during eCO,RR may complicate product detection
and limit the practicality of large-scale reuse.

This journal is © The Royal Society of Chemistry 2023
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5.2. Optimization of the triphasic interface

The formation rate of eCO,RR products is mainly limited by the
following two factors. (a) Generally, a large overpotential is
required to provide a high current density for eCO,RR. How-
ever, HER dominates the reaction with increasing current
density. (b) The solubility of CO, in water is relatively low.
Beyond a certain threshold, the current density is no longer
controlled by the chemical reaction kinetics but is determined
by the proton diffusion process of CO,. Therefore, the mass
transfer of CO, molecules at the interface of catalytic materials
greatly influences the reaction efficiency. Reduction in tradi-
tional solid-liquid two-phase systems is limited by slow diffu-
sion and mass transfer, which results in low catalytic activity
and product selectivity. These problems cannot be effectively
solved by optimally regulating catalysts alone. Therefore, tri-
phasic systems are introduced to solve the problem of the speed
limit in the mass transfer process and ensure the effective
progress of highly selective eCO,RR at high current densities.

5.2.1. Optimization of the gas diffusion layer (GDL). Typi-
cally, GDL systems are used to improve electrocatalytic perfor-
mance. In these systems, one side of a hydrophobic porous
membrane is immersed in water. The opposite side directly
contacts the gas phase to achieve a triphasic gas-solid-liquid
285286 Hydrophobic membranes are typically prepared
using macroporous carbon paper as the substrate. The paper is
covered with a microporous polytetrafluoroethylene (PTFE)
layer and carbon particles, which enhance the hydrophobicity
of this layer and provide a barrier for the liquid. The catalyst
layer, typically composed of a metal film or a catalyst/carbon/
polymer mixture, provides a triphasic interface for further
reaction. Typically, polymer binders are ionic and water-
conducting ionomers or hydrophobic polytetrafluoroethylenes
(Fig. 12A).>®” During catalytic reactions, ions in the liquid phase
can effectively contact the wetted catalyst surface, whereas the
electrolyte does not penetrate the hydrophobic porous sub-
strate. Gas-phase reactants can directly contact the catalyst
and electrolyte through this substrate and participate in the
reaction.

GDL-based cells have achieved higher current density than
traditional H-type cells. Sargent and colleagues have reported a
copper-based electrocatalyst at the mutagenesis interface with a
high FE (70%) of ethylene and a maximum current density of
~750 mA cm ™~ >."*" Catalysts deposited on the GDL significantly
increase the local concentration of CO, in the electrolytic cell.
Hydroxyl ions on the copper surface reduce the energy barriers
for CO, activation and *CO-CO coupling. In this study, a
polymer-based GDL has been introduced to enhance opera-
tional stability. PTFE and carbon nanoparticles are divided into
two layers, and the copper catalyst layer is sandwiched between
them to form a graphite/carbon nanoparticle/copper/PTFE
electrode. This adjustment effectively prevents liquid leakage
from the GDL. Moreover, the as-designed GDL is sandwiched at
the interface between separate hydrophobic and conductive
carriers. This optimized structure can ensure constant and
efficient ethylene selectivity during long-term electrolysis.

interface.
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Fig. 12 (A) Schematic illustration of the triphasic electrocatalysis system. (B) Schematic diagram of the flow cell and gas diffusion layer-based

electrolyzer (GDE). (C) 3D schematic of porous GDE diffused CO, and the electrolyte. (D) Simulation results of the velocity and pressure field of diffused
CO; in the 3D model. (E) 2D schematic of the liquid—gas interface and the corresponding electric field distributions. Reproduced with permission from
Zhou et al.31° Copyright 2022 Elsevier. (F) Schematic illustration of the eCO,RR reactor. (G) Time-on-stream variation of different products and applied
potential. Reproduced with permission from Lucas-Consuegra et al.>'? Copyright 2016 Elsevier.

Based on this study, Sargent and colleagues have further
optimized a novel ionomer heterojunction structure.*®*® The
decoupling of gas, ion, and electron transmission enables the
effective electrolysis of CO, in the gas phase to produce C,,
products at a high current density (>1 A cm™?). The ionomer
heterojunction comprises a copper nanoparticle catalyst layer
and a perfluorosulfonic acid ionomer layer. A 3D morphology
has been formed with metal and ionomer permeation path-
ways. This structure is both hydrophilic and hydrophobic. The
separate transmission of gas, ions, and electrons increased gas
diffusion and transmission paths. Herein, the elevated current
density and significantly improved reaction efficiency enable a
maximum ethylene yield of 65-75%. Although the catalyst is
the core of electrocatalysis, a GDL-based catalytic reaction
system featuring a gas—solid-liquid triphasic interface can also
play an influential role by improving the GDL and increasing
the concentration of reactants around the catalyst.*>?%72°

Various liquid electrolytes (such as salt solutions, ionic
liquids, etc.) have been utilized in different CO,RR electrolyzers
for C,, synthesis. The drawback of these catalytic systems is
that the resulting liquid products are mixed with the electrolyte
liquid phase, leading to significant energy consumption during
the subsequent separation process. The introduction of solid
polymer electrolytes or porous solid ion conductors can

4742 | Energy Environ. Sci., 2023, 16, 4714-4758

theoretically solve the above issues. The water gas hydrophobic
layer formed at the gas-solid interface can not only kinetically
limit the dissociation of H,O to suppress HER but also stabilize
the formation of CO, reaction intermediates to facilitate the
formation of C,, products through a relay catalysis model. The
successful construction of solid-state electrolytes has the fol-
lowing advantages: optimization of the three-phase interface
reaction environment, reduction of the ohmic loss of the entire
device, avoidance of corrosion and electrolyte consumption
issues, and solution of the product separation problems.
5.2.2. Ion exchange membrane. The emerging eCO,RR
membrane electrode assembly (MEA) electrolyzers (or zero-
gap reactors) contain a cathode and anode pressed tightly on
both sides of the ion-exchange membrane, which effectively
facilitates the mass transfer and promotes the activation of
continuously delivered gaseous CO, at the membrane/cathode
interface.”*>*°> The eCO,RR electrolyzers involving anion
exchange membranes (AEMs) have attracted extensive research
attention. Positively charged functional groups on the polymer
chain of the AEM facilitate anion transport from the cathode to
the anode, enabling the CO,RR to occur in a basic
environment.”**">°® The basic environment decreases the ther-
modynamic driving force for the competing hydrogen evolution
reaction by decreasing the concentration of H' at the

This journal is © The Royal Society of Chemistry 2023
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membrane/cathode interface. However, significant operational
challenges still have been encountered during the design and
optimization of AEMs.

First, the crossover of products and reactants is a prominent
issue. However, AEMs can alleviate cathode flooding and
improve CO,RR performance.”®” Negatively charged CO,RR
products are easily transported through the positively charged
AEM, while neutral products (such as ethanol) can crossover
the membrane. Another operational issue is the mechanical
and chemical stability of commercial AEMs. The discovery
of novel AEMs has been realized with the recent developments
of polymers. Polystyrene tetramethyl imidazolium chloride
(PSTMIM), commercialized as Sustainion, is an AEM designed
for gas-fed CO,RR electrolyzers in neutral solutions. This thin
hydrophilic membrane features elevated OH™ conductivity
and ion exchange capacity. Such outstanding properties of
Sustainion ensure 93% faradaic efficiency of the CO,RR elec-
trolyzer at the practical current of 350 mA cm > for 40 h.>?®
However, Sustainion is prone to CO,RR products’ crossover,
particularly at the high current densities relevant to commer-
cial operation. Furthermore, quaternary ammonium poly(N-
methyl-piperidine-co-pterphenyl) (QAPPT) has been introduced
as another candidate material for AEM construction.?**3"
QAPPT exhibits better chemical stability than Sustainion in
high pH solutions or at elevated temperatures (>80 °C). The
high conductivity of QAPPT eliminates the need to humidify
the CO, feed or use ionic anode electrolytes. With an operating
temperature of 60 °C, the CO,RR electrolyzer involving QAPPT
demonstrated a high current density with an FE of 90% and a
cell voltage of 3 V. These results motivate further research on
incorporating Sustainion, QAPPT or other novel AEMs for
utilization in C,. producing systems.

The chemical stability, ionic conductivity, size and mechan-
ical stability of the AEM directly determine the performance
and lifetime of CO,RR electrolyzers. The main issues with the
AEM are chemical stability and low ion conductivity. For
example, in an anion exchange membrane, the ion conductivity
of OH™ in water is much lower than that of H'. Some strategies
have been developed accordingly to boost the chemical stability
and ion conductivity. Polystyrene and its perfluorinated poly-
mer, as well as polybenzimidazole polymers with excellent
mechanical properties, can be introduced to construct semi-
interpenetrating network membranes to improve chemical
stability. Meanwhile, the membrane with one-chain multiple
functional groups can be designed to promote the conductivity
of the membrane with C-H-based main chain of poly(styrene-
ethylene-butene). Another issue that should not be ignored in
the membrane structure optimization process is the thickness
of the AEM, which should be specially adjusted to achieve
synchronous enhancement of stability and conductivity.

5.2.3. Importance of interfacial mass transfer. A study of
H-type cells has observed that the catalytic activity (intrinsic
and extrinsic activity related to mass transfer) is significantly
boosted with the increase of catalyst porosity. Similar to that of
H-type cells, the reaction interface of the gas diffusion layer-
based electrolyzer (GDE) determines the activity and selectivity
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of eCO,RR.*** The study aims to understand and optimize the
effect of CO, mass transfer on the efficiency and selectivity at
the triphasic interface. Compared with the two-phase catalysis,
CO, can directly reach the catalyst surface in the triphasic
interface by passing through the GDL layer without the liquid
phase diffusion. In addition, much research has also been
focused on rapid product desorption after the completion of
the reduction reaction, which is quite essential for the whole
catalytic process.

The mass transfer of *CO is still crucial for tuning eCO,RR
activity and selectivity. The operating current density and target
product selectivity are highly dependent on the CO, flow rate,
CO, partial pressure, or even the thickness of the catalyst layer.
When using the GDL, the thickness of the mass transfer
boundary layer decreases from 60-160 um in the H-type cell
to 0.01-10 um in the GDE, and the current density is signifi-
cantly improved.****°* The local pH value is enhanced at high
current densities to inhibit methane formation and promote
C,, product selectivity. Furthermore, high CO, conversion rates
can be realized using low CO, flow rates. The optimal flow rate
should exceed ten sccm for optimal C,, product formation at
current densities of 100-150 mA cm™>.>°* The partial pressure
of CO, favors the selective formation of C,H, rather than CO.
Moreover, the 250 nm-thick layer is more selective than the 50
nm-thick layer, suggesting that the optimized thickness
enhances C-C coupling.’®® Owing to the increase of OH™
concentration, the dipole interaction becomes stronger, and
the binding of *CO has been improved. In addition, the
increased *CO mass transfer and *CO dimer stability promote
the C,. selectivity.3°73%8

Sargent and colleagues have calculated the GDL thickness
using parameters such as bubble separation diameter, pres-
sure, fluid velocity, and current density. The bubble separation
diameter depends on the catalyst surface morphology and
wettability.>*® By comparing the influence of nanowires, nanor-
ods, and nanoparticle catalysts on the bubble separation dia-
meter, the authors have found that tiny bubbles generated by
nanowires produce a smaller diffusion layer thickness and
promote the interfacial mass transfer of CO,. Thus, the elec-
trode morphology is concluded to influence the long-distance
transportation of CO, profoundly. Zhou and colleagues
employed a laser to prepare channels on a CugSns alloy
electrode as a GDE and applied it in a flow cell to obtain a
high eCO,RR FE and catalytic stability (Fig. 12B).>'® The
distributions of CO, concentration and an electric field near
the electrode are simulated using COMSOL Multiphysics. A
high CO, concentration and a strong electric field around the
electrode surface favor the occurrence of eCO,RR (Fig. 12C and
D). In addition, Kelvin probe force microscopy has been utilized
to measure the actual electric field distribution around the
channel, and the results are consistent with simulation data
(Fig. 12E). Zhang and colleagues have explored the conditions
and influencing factors of CO, mass transfer by changing the
wetting characteristics of a typical GDE surface.’" Interfacial
structure plays a crucial role in stabilizing CO, concentration
during eCO,RR. The Cassie-Wenzel coexistence state is an
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ideal triphasic structure with continuous CO, supply on active
sites at a high current density. This study provides the mecha-
nism of the triphasic electrocatalytic reactions of other gaseous
substances. However, more understanding of the actual mass
transfer at the micro-interface is required. Therefore, more in-
depth mechanistic research and accurate and intuitive in situ/
operando characterization methods are essential to overcome
the limitations of CO, interfacial mass transfer.

Kenis and colleagues have successfully designed a micro-
fluidic CO, cell system using a GDE with a thin (1 mm) channel.
Compared to MEA systems, the supplied CO, diffused through
the porous GDL to naturally form an electrolyte-catalyst-gas
triphasic interface even in the absence of water vapor
(Fig. 12F).*"> The eCO,RR can occur at the boundary between
the catalyst and the cathode liquid. The reactor is not sensitive
to the ion transfer rate and can achieve a high current density
(Fig. 12G).>°° 1t is essential to introduce a membrane between
the electrolyte channels to achieve the separation and anti-
reoxidation of liquid C,; products on the anode side. Over the
past few years, various electrolytic cells have been developed
using shared high-performance catalysts.*>'® Presently, the vola-
tilization of gas products and the shuttling of liquid products
across multiple flow cells remain challenging.*'* In addition,
research on catalyst-electrolyte interface tuning (e.g., the devel-
opment of different ion-exchange membranes, optimization of
electrode surface/interface structures, and innovation in elec-
trolytic cell design) requires further exploration.

5.2.4. Reaction system design. The critical components of
the CO,RR cell are the structure of the GDL, catalyst layer, and
membrane. In addition to the great progress that has been
achieved in catalyst designing, the innovation in electrolyzer
designing also provides practical approaches to manipulate the
reaction rate and selectivity. The traditional H-type electrolytic
cell immerses the cathode in the electrolyte and realizes the
catalytic CO, conversion by applying the reduction potential.
The CO, molecules dissolved in the electrolyte are adsorbed on
the catalyst surface and undergo the three-phase CO,RR reac-
tion. Due to the limited solubility of CO, in an aqueous solution
(0.033 mol L") under normal temperature and pressure, the
CO,RR activity is primarily limited by mass transfer. The
current density in the H-type electrolytic cell is limited to
20 mA cm 2, which is not commercially feasible (250 mA cm™?).*'
Furthermore, H-type cell has a large volume and elevated cell
pressure, which is not favorable for large-scale application.
Applying a GDE in continuous flow cells shortens the gas
diffusion distance and promotes mass transfer. The compact
structure promotes the industrial CO,RR application of the
flow cell. Herein, this section summarizes and analyzes the
structure of the flow cell and the degradation mechanism of
various components and electrolyzers to provide novel ideas for
optimizing and improving the CO,RR flow cell.

In the traditional flow cell, the gas-liquid cathode chambers
of the hydrophobic GDE are relatively well separated.>®%31¢317
The cathode is exposed to the feed gas to realize the coexistence
of the liquid and gas phases in the catalyst layer, while CO,RR
occurs at this triphasic boundary of the GDE (Fig. 13A). This
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structure can promote mass transfer and significantly improve
the stability of CO,RR in alkaline electrolytes at industrial-
grade current density. For the catalyst layer, the optimized
catalyst material powder is generally loaded onto the GDE by
brush coating, air spraying, or ion sputtering technology.>*®>'°
The composition and proportion of solvent, the selection of
binders, and the coating method of the catalyst may all affect
the performance of electrolyzers. For the microporous layer, the
appropriate microporous layer can achieve gas-liquid two-
phase separation (especially in the microfluidic device) and
prevent electrode flooding.”****° The smooth and tight micro-
porous layer decreases the contact resistance between the
catalyst layer and the carbon substrate and prevents the catalyst
from entering the microporous or substrate layer. The PTFE in
the microporous layer affects the porosity, conductivity, and
water distribution of the electrode.**' Kim and colleagues have
introduced a thin liquid pH buffer layer between the cathode
GDE and the ion exchange membrane to further improve the
CO,RR selectivity.*** The microfluidic flow cell with a PTFE
content of 20% achieves low charge transfer resistance and
enhanced performance (Fig. 13B). Moreover, the hydrophobi-
city of the carbon substrate also influences the performance of
the electrolyzer. Park and colleagues have constructed a micro-
fluidic flow cell with different hydrophobic carbon substrates.
The current and selectivity are finally optimized by tuning the
hydrophobicity.>*®* This microfluidic structure is shown in
Fig. 12C. By coordinating gas and liquid flow rates to prevent
gas diffusion or electrode flooding, the pressure balance can be
well tuned. The gas at the anode side can be directly diffused
into the air without sealing treatment. The electrolyte solution
flows through an extremely tiny channel. The narrow electrode
spacing reduces the ohmic polarization loss of the microfluidic
cell. Based on the above examples, suitable GDE structures can
promote CO, electroreduction for their fast mass transfer or
high stability. Despite the tremendous progress made with
GDEs and liquid flow-cell electrolyzers, numerous problems
still need to be well addressed for scalable applications, such as
gas diffusion electrode flooding, salt precipitation, reduction
product purification, and single-path conversion of CO,.
Compared with liquid flow-cell electrolyzers, the gas phase
MEA electrolyzer laminates the gas diffusion layer, ion
exchange membrane, and catalysts into one unit (Fig. 12D).
In a continuous flow MEA cell, the anodic catalyst and the
cathodic GDE are directly assembled on both sides of the ion-
exchange membrane with lower ohmic resistance, further
leading to excellent CO,RR efficiency.'**36*24 The direct con-
tact between the catalyst layer and the ion exchange membrane
can significantly reduce the resistance and improve the stability
of the catalytic system. During the operation, there is no
flowing electrolyte in the gas phase MEA, and the CO, sampling
methods are as follows: humidified carbon dioxide with anode
electrolyte, humidified anode gas or anode open without any
gas or electrolyte; dry carbon dioxide with humidified anode

325-327 This cathode electrolyte-free property
328,329

gas or pure water.
efficiently alleviates the problem of carbonate deposition.
Meanwhile, accurate flow cell design with the circular or
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mechanisms.

serpentine channel has proven significant in developing MEA
cells with efficient reactant delivery. Berlinguette and collea-
gues have assembled a commercial molecular CoPc electroca-
talyst in MEA with the serpentine channel, where the cathode
side is fed with wet CO, gas flow while the anode is immersed
in the KOH solution.**° A current density of 150 mA cm ™2 can
be well maintained during a long-term operation time of more
than 100 h, which adequately illustrates the advantages of the
MEA cell in terms of high current density and stability.

The all-solid-state electrolyzer has been developed to collect
pure liquid C,, products.***?> The solid electrolyte cell
employs a central solid electrolyte between anion-exchange
and cation-exchange membranes (Fig. 13E). Membrane optimi-
zation is one of the crucial ways to improve mass transfer in the
solid-state electrolyzer. Asadi and colleagues have employed a

This journal is © The Royal Society of Chemistry 2023

solid-state cell; (F) two-step tandem cell. (G) Schematic of degradation

Dioxide Materials Sustainion™ anion exchange membrane in a
solid electrolyte cell.>** The CO,RR performance is improved
for more than 700 h at a current of 420 mA cm™ 2. Furthermore,
the porous solid electrolyte of solid-state electrolyzers has also
been investigated. Unlike conventional liquid electrolytes, the
porous solid electrolyte layer facilitates ion conduction without
introducing impurity ions. Wang and colleagues have designed
a novel CO, reduction cell with a solid electrolyte, which is
capable of collecting pure C,, liquid solution.*** Different
forms of solid electrolytes, such as ceramics, polymer/ceramic
hybrids, or solidified gel, can also be employed for C,, synth-
esis in the future.

The single-pass conversion of CO, to carbon-based products
is a crucial indicator for practical applications. This index
remains low (~50%) for an alkaline electrolyte environment,
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where locally generated hydroxide anions accelerate carbonate
formation at the electrode-electrolyte interface. Tandem pro-
cesses (including tandem electrocatalysts and electrolyzers) are
potential options for efficient CO, utilization, which will
significantly increase the yield and FE of C,, products. The
current works mainly focus on the cathode for different tandem
electrode and electrolyzer designs.**>**® Tandem and resistive
sandwich structures have been designed for the electrodes.
Several attractive tandem devices have been developed for
electrolyzers to increase CO, solubility and achieve high CO,/
CO conversion for further C,, product synthesis (Fig. 13F).
Despite the exciting progress of tandem electrolyzers, it is vital
to note that studies on the anodic reactions still need to be
completed, which are necessary for a complete system.

For flow cells, CO, crossover has gradually become a sig-
nificant challenge to improving CO,RR performance. In neutral
or alkaline solutions, the carbonate crossover and precipitation
induce low single-pass conversion efficiency and limited
device lifetimes. Recent research has shifted towards acidic
electrolytes to avoid carbonate, although circumventing the
HER becomes a severe challenge. Sargent and colleagues
have reported one representative example of interfacial engi-
neering in proton exchange membrane MEA. The concentrated
potassium ions at the catalyst-membrane interface primarily
improve CO,RR performance and mitigate the CO,
crossover.”’" Furthermore, Hu and colleagues have achieved
efficient CO,RR in an acidic medium by suppressing the
predominant HER using alkali cations and uncovered the
essential role of the balance between carbonate formation rates
and H" diffusion.?*”® Hydrated alkali cations physiosorbed
on the cathode modify the electric field distribution in the
double layer. It impedes HER by suppressing hydronium ion
migration, thus promoting CO,RR by stabilization of critical
intermediates. Considering the restriction of CO, crossover to
the anode side, Kim and colleagues have reported a porous
solid electrolyte reactor to recover the carbon losses efficiently.
A permeable and ion-conducting sulfonated polymer electrolyte
has been constructed as a buffer layer between the cathode and
the anode. The crossed over carbonate can combine with
protons to reform CO, gas for reuse. Future studies can focus
on optimizing the porous solid electrolyte reactor for practical
CO, recovery, including optimizing the thickness of the solid
electrolyte layer and improving ion conduction by designing
different solid ion conductors.

Furthermore, the investigation of different degradation
mechanisms is vital to improving the stability of flow cells. A
continuous supply of electrolytes and CO, is required to ensure
the cell operation in the kinetically limited state rather than the
mass-transfer-limited state.>*>**° The most common GDE
degradation mechanism is shown in Fig. 13G, mainly including
electrode degradation and electrolyte-related degradation. Phy-
sical changes in the catalyst structure, such as agglomeration or
pulverization of catalyst particles, induce the coverage or loss of
available active sites in the catalyst layer. This physical change
is irreversible. However, chemical changes are reversible
through specific mitigation strategies. The catalytic active site
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on the surface is covered by adsorbed metal impurities, thus
inducing catalyst poisoning. Purifying electrolytes can elimi-
nate the above problems.**! Einaga and colleagues have
applied a positive potential to re-oxidize the material and
desorb the adsorbed species.***?** Meanwhile, the binders
holding the catalyst layers may also suffer various forms
of chemical degradation during prolonged exposure to electro-
Iytes and CO,. The following are the main degradation
mechanisms of GDL components: compression-force effects,
dissolution, gas flow erosion, and carbon corrosion.>** The
GDE flooding may be caused by macroscopic pressure imbal-
ances in microfluidic devices, electrode hydrophobicity disrup-
tion, carbonate deposition, etc. After the GDE is flooded, the
HER side reaction is more likely to occur with the decrease of
the FE of C,, product synthesis. Furthermore, some compo-
nents of the electrolyzer may also be oxidized. The carbon
material of the anode flow channel may be oxidized and
decomposed. It is worth noting that no evident corrosion
phenomenon is observed using titanium as the flow
channel.?*® To sum up, the design and optimization of electro-
Iytic cell components to suppress the above degradation is an
essential prerequisite for improving stability for industrial
applications in the future.

Currently the most commonly used microflow cell is a three-
chamber configuration, which can effectively prevent cathodic
liquid products from being oxidized in the anode. Since the
liquid electrolyte layer allows the use of a reference electrode,
the microflow electrolytic cell can accurately control the cath-
ode potential. However, the main factor limiting the perfor-
mance of this configuration is the stability of the gas-liquid-
solid three-phase interface on the GDE surface. Once the
balanced three-phase interface is disrupted, excessive electro-
Iytes penetrate the GDE channel and water flooding occurs.
Mass transfer will be severely inhibited, and the reaction rate
will significantly decrease. MEA cells, especially for the anion
exchange membrane-based MEA cells, have been developed in
which the direct contact between the GDE and the ion exchange
membrane is realized, which may largely resolve the above-
mentioned issues. However, carboxylic acid anionic products
can also migrate to the anode through the anion exchange
membrane, causing product loss and separation difficulties. In
addition, the poor stability of the anion exchange membrane
leads to a shorter operating life of this configuration, which
limits its further application. The bipolar membrane-based
MEA cells can significantly improve the conversion rate of
CO, and suppress the carbonate concentration on the electrode
surface. The challenge lies in the fact that high concentrations
of hydrogen ions on the electrode surface may promote the
occurrence of the side HER reaction. Moreover, bipolar
membrane configurations often require higher voltage and
lower energy efficiency compared to other configurations.
Research can be conducted in the following areas based on
the advantages, disadvantages, and challenges of the above-
mentioned electrolytic cells. The selection and amount of
binder and embedded ionomers directly affect the stability of
the catalyst layer and the operational life of the reactor. The
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most direct approach for GDE structural optimization is tuning
feeding parameters, including the selection of the feeding
method, gas humidification, degree of humidification, and
flow rate optimization. In addition, the preparation of the
carbon fiber substrate (hydrophobicity, thickness, etc.), adjust-
ing the PTFE loading or adding a porous membrane layer can
improve the hydrophobicity of the diffusion electrode. For
practical application, exploring the failure and repair mecha-
nism of electrolytic cells is conducive to realizing long-term
stability tests under high currents, scaling up CO, flow cells
(including individual electrolyzers and stacks of multiple elec-
trolyzer units). A reasonable flow channel design of the elec-
trode plate should ensure uniform fluid distribution and
maintain a low voltage drop.

5.2.5. eCO,RR with industry-compatible current. eCO,RR
is an effective approach for CO, resource utilization to realize
the worldwide ‘“‘carbon neutralization” strategy. Economic and
technical analyses have revealed that commercial profit can be
achieved with a total current density of >300 mA cm 2, an FE
of >90%, and an energy conversion efficiency of >70%. In
addition, the long-term stability of electrocatalytic reaction is
required to be at least hundreds of hours to realize industrial
eCO,RR.>***"" High selectivity and high yield should be
achieved at commercial current densities.*****° However, the
agglomeration, phase transition, and element dissolution
result in a rapid decrease in the C,, product selectivity during
high-rate electrocatalysis. Therefore, to achieve industrial
eCO,RR to obtain C,, products, it is urgent to design eCO,RR
catalysts with ultra-high activity, selectivity, and stability, and
effective eCO,RR reactors.

Several studies have revealed that alkaline conditions are
conducive to the formation of C,, products. CO, tends to form
carbonate under strongly alkaline conditions. Sargent and
colleagues have achieved the electrocatalytic production of
ethylene from CO, via a composite electrode under 10 M
KOH (strong base conditions), with a stable FE of 70% (at
750 mA cm ™ ?).""! First a 25 nm-thick copper nanocatalyst has
been sputtered on a porous polytetrafluoroethylene film with
an aperture of approximately 220 nm. Subsequently, a carbon
nanoparticle layer has been sprayed on the catalyst layer as a
conductive layer. Lastly, a graphite nanoparticle layer has been
added as the base of the collector and the entire structure. This
electrode structure exhibits the following advantages: (1) the
PTFE porous diffusion protective layer reduces the diffusion
rate of CO, to ensure the reduction of CO, before the side
reaction with the strong alkaline electrolyte occurs. In alkaline
electrolytes, the competitive HER reaction rate also decreases,
which further improves the selectivity of the electrocatalytic
reduction to olefin. (2) As a large amount of CO, has been
reduced before contacting OH™, the surface of the copper
catalyst can absorb a large amount of OH™, which reduces
the activation energy barrier of CO-CO coupling and further
enhances ethylene selectivity. (3) The PTFE porous diffusion
protective layer significantly improves the stability of copper
nanocatalysts and can operate stably for 150 h under test
conditions.
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Subsequently, Sargent and colleagues have also proposed a
method for designing a hybrid catalyst. By decoupling the gas,
ion, and electron transmission, CO, can be effectively electro-
lyzed to generate C, products in the gas phase electrolysis at
current densities of >1 A cm 2.*®*® An ionomer layer with
hydrophobic and hydrophilic functions facilitates the transport
of gases and ions across metal surfaces. Thus, the reaction
interface of these three components (gaseous reactants, ions,
and electrons) has been located at the catalytic active site, thus
increasing in length from the submicron range to several
microns. Perfluorinated sulfonic acid (PFSA) ions with hydro-
phobic and hydrophilic functions have attracted significant
attention. PFSA ions exhibit a high dependency on their struc-
ture/function. Based on the excellent advantages of the tripha-
sic reaction, a novel catalyst has been designed to utilize gas-
electrolyte separation beyond that of 2D catalysts. Typically,
this catalyst with a maximized triphasic interface enables the
system to operate efficiently at a higher current. The 3D catalyst
has been prepared on a PTFE/Cu/ionomer (CIPH) gas diffusion
layer support. With an increase in the loading and the corres-
ponding thickness, the total eCO,RR current increases mono-
tonously, exceeding 1 A cm™> at a low load of 3.33 mg cm™>.
When the load is higher, saturation is reached, and the current
density significantly increases, after which the energy efficiency
decreases. Under the top current operating condition, the
maximum ethylene yield of the optimized catalyst is 65-75%,
and the peak off-current density reaches up to 1.34 A cm > with
a high cathode energy efficiency (46.3%). At 1.1 A cm ™~ without
iR compensation, the energy efficiency of C,. products in the
full electrolytic cell has been estimated to be 20%. However,
current research still needs to be improved, such as the
separation of C,, products, the economic feasibility of the
process, stability, and selectivity under industry-compatible
current.

To summarize, the prominent challenges facing the com-
mercialization of electrochemical CO,RR technology are energy
efficiency, selectivity, low current density, and stability. For
industrial applications, the current density should be higher
than 300 mA cm > with FE above 80%, cell voltage below 1.8 V
and stability over 80 000 hours (Fig. 14). The biggest challenge
currently faced is low energy efficiency and CO, utilization
efficiency. As a heterogeneous catalysis electrochemical pro-
cess, it is anticipated that increasing the total catalyst surface
area in the reactor or increasing the intrinsic reaction rate
should be conducive to boosting the chemical productivity,
which is undoubtedly necessary for scaling up and long-term
reactor design. To break through the above challenges, the FE
of the C,, product synthesis system should be further
enhanced, while the overvoltage of the electrolytic cell should
be kept at a low level. Meanwhile, another influencing factor for
CO,RR commercialization is the duration of stable operation.
The minimum stable operation time required for profit scale
expansion should exceed 10000 hours at least. The lifetime of
cells mainly depends on the key components of the electrodes (or
MEAs), including the form of the electrocatalyst, the regulation of
functional groups in the polymer membrane, the selection of
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Fig. 14 Scheme of the challenges involved in a CO,RR system toward high-performance commercialization.

polymer binders, optimization of GDLs, and configuration type
(tandem catalytic system or multilayer system).

6. Summary and outlook

Significant progress has been made during the past few dec-
ades regarding the design of highly active or selective electro-
catalysts and their eCO,RR mechanism. In this review, we have
summarized the fundamental principles for catalyst design and
provided a comprehensive overview of the catalytic mechanism,
which covers almost all aspects of this emerging field with a
perspective on C,, synthesis. There is no doubt that eCO,RR is
a promising approach for realizing the carbon cycle balance
and addressing the current clean energy crisis simultaneously
soon. On the other hand, we should be aware that there are still
many challenges in the exploration and practical application of
the electrochemical conversion of CO, into C,. products. We
summarize the following perspectives and possible resolutions
to address the current challenges in the electrochemical CO,
conversion into C,, products.

6.1. Novel catalyst discovery

Designing and regulating the intrinsic catalytic activity of
advanced nanocatalysts are essential. The electronic structure
of the catalyst surface can be adjusted by controlling the crystal
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facets, defects, and surface stress. Thus, the adsorption energy
of *CO, *CHO, and other primary intermediates can be changed
to break the scaling relationship and achieve high C,. product
selectivity. Meanwhile, the C,, product synthesis is closely
related to the coverage and concentration of *CO intermedi-
ates. Several catalysts with high CO selectivity have been
reported (such as Au, Ag, and Zn). Therefore, CO, —» CO —
C,. tandem catalysis via multi-metal cooperation is another
practical approach. In this approach, the CO, feed gas is first
reduced to CO on the surface of the second component metal,
after which it overflows to the adjacent metal interface for C-C
coupling and further reduction. In this strategy, the high CO
coverage on the catalyst surface is conducive to inhibiting side
reactions and promoting C,, product preparation.

Single-atom catalysis is a hot topic in the field of energy
conversion. However, the large distance between the active
centers of single atoms complicates the effective promotion
of C-C coupling. C,, product formation may be enhanced by
increasing the surface density of homogeneously dispersed
active sites. Moreover, catalysts for C-C coupling are not
limited to metal-based catalysts. Several metal-free carbon-
based materials have also been demonstrated to exhibit
potential eCO,RR activity for C,, products (such as graphene
quantum dots and metal-doped nanodiamonds).

Furthermore, new opportunities have emerged in traditional
molecular catalysts in recent years. Heterogeneous immobilization

This journal is © The Royal Society of Chemistry 2023
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is an effective solution for addressing the problems of low solubi-
lity, low utilization, and difficult recovery of molecular catalysts. In
this approach, the catalyst molecules are fixed to specific carriers as
electrode materials through specific interactions (such as covalent
bonds, electrostatic forces, and n—r interactions).

6.2. Profound computational approaches exploration

The complex C,, reaction pathway in theoretical research
illustrates the inherent complexity of pathways, the sensitivity
of intermediates, and the controversy related to the pH effect.
Presently, experimental evidence cannot obtain reaction infor-
mation from catalyst-intermediate interactions at the atomic or
even electronic level. Theoretical calculations can effectively
remedy the above deficiencies. The theoretical calculations can
be utilized to investigate the transformation of critical inter-
mediates, the structural evolution of reaction centers, and the
ion and electrolyte effects. However, at present the application
of theoretical simulations in exploring C,. synthesis mechan-
isms still faces several challenges. The electrolyte-electrode
interface treatment is the critical issue. It is time-consuming
to construct the explicit solvent model with numerous water
molecules, whereas the implicit model may lose hydrogen
bonds or other interactions of intermediates. Moreover, the
constant charge model with a changeable Fermi level needs to
be improved with the charge transfer between electrode and
catalysts. It is necessary to take the solvent effect into consid-
eration to better simulate the electrostatic interactions of the
electric double layer in the working environment.

Furthermore, based on theoretical calculations, the combi-
nation of machine learning can accelerate the prediction and
screening of better eCO,RR electrocatalysts. By optimizing a
machine learning model, a high-throughput calculation can be
performed on the critical data of the electronic structure of
catalytic materials. Future research on machine learning may
focus on the following aspects to address some of the most
important constraints of eCO,RR. (a) Current machine learning
methods are rather limited in mechanism research and the
prediction of C,, products. The key characteristics should be
investigated, and appropriate models for exploring the optimal
reaction pathway for C,., products should be explored. (b) The
combination of machine learning calculations and advanced
in situ/operando characterization exhibits significant potential
for designing novel catalysts and elucidating the eCO,RR
mechanism. (c) Combined with the solvent effect mechanism,
screening suitable solvents through machine learning has
broad prospects for developing high-performance eCO,RR
systems.

6.3. Original in situ/operando technique development

eCO,RR possesses abundant products and complex reaction
pathways, and the catalyst structure may change during the
reaction process. The application of in situ/operando character-
ization techniques in eCO,RR is highly desirable to establish a
more precise ‘“structure-performance” relationship by explor-
ing the interactions between substrate molecules, intermedi-
ates, and catalytic active sites. Despite impressive progress in

This journal is © The Royal Society of Chemistry 2023
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in situ/operando characterization, there are still many problems
to be solved in this field. Given the limited catalytic informa-
tion provided by an individual in situ/operando technique,
different in situ/operando tests need to be performed on the
same in situ/operando reactor to simultaneously detect the
catalyst structure change and the evolution of intermediates.
In addition, the signal intensities of several in situ/operando
techniques still require improvement owing to the low coverage
of the key reaction intermediates. Such experimental results
obtained at the same time and space scales by tightly coupling
multiple in situ/operando representations are more convincing
for exploring eCO,RR mechanisms. Another major challenge of
in situ/operando experiments is the optimal design of in situ/
operando electrolytic cells. To conform to the harsh conditions
of in situ/operando testing, the electrolytic cell undergoes tar-
geted structural changes, which results in a mismatch between
the in situ/operando testing conditions and the actual working
conditions. Therefore, it is urgent to develop optimized electro-
Iytic cells to truly bridge the gap between in situ/operando
testing and actual working conditions and to obtain effective
information that fully reflects the real catalytic eCO,RR. More-
over, the close integration of machine learning, in situ/operando
experiments, and theoretical calculations is a practical
approach to exploring reaction thermodynamics/kinetics and
pathways.

6.4. Electrolyte and electrode optimization

Although materials are the key to eCO,RR, the catalytic perfor-
mance is also affected by other factors, such as the chemical
composition of electrolytes and structural design of the electro-
des. The optimization of selectivity and corresponding mecha-
nism analysis can be achieved by tuning the cation size and
concentration. Meanwhile, ionic liquids have also been proven
to be suitable media for CO, dissolution, activation, and
stabilization of free radicals and electrochemically active ionic
substances from aqueous solutions. Unlike conventional elec-
trolytes, most anisotropic ionic liquids display properties of an
extended cooperative network of supramolecular species. The
future challenges mainly include (1) the influence mechanism
of cations/anions on surface groups and material stability; (2)
the relationship between the structure and organization of
ionic liquids and the eCO,RR.

Focusing on the electrolyte system and addressing the above
challenges, the following research will be focused on in the
future. (1) The influence mechanism of the ionic liquid electro-
lyte structure on eCO,RR needs to be clarified. The reduction
law between the ionic liquid structure and eCO,RR activity can
be thoroughly understood by the cooperation of theoretical
simulations and in situ/operando characterization techniques.
Furthermore, it is necessary to clarify the synergistic mecha-
nism between the proton/electron transfer process in an ionic
liquid system and the interface structure of catalytic materials.
(2) An ionic liquid electrolyte system for synthesizing C,.
products needs to be developed to activate CO, molecules
and facilitate the functionalization of C-C coupling in the
intermediate states of the reaction. (3) It is urgent to study
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the flow mass transfer and stability of CO, reduction in ionic
liquid systems. The internal structure, electrode structure, and
electrolyte flow type of eCO,RR devices with different structures
must be optimized to promote the C,, activity and selectivity.
(4) The CO, crossover issue should be resolved. Future studies
can focus on designing porous solid electrolyte reactors for
practical CO, recovery, including optimizing the thickness of
the solid electrolyte layer for minimized ohmic drop and
improving ion conduction between the cathode and the anode
by designing different solid ion conductors.

As mentioned above, the selectivity and the yield of C,,
products can be further improved by the rational design of
catalytic electrodes and devices. The utilization of the GDE has
helped to bridge the gap between laboratory experimental
findings and industrial needs. However, achieving long-term
stability with such high selectivity and activity remains a
significant challenge. At the macro level, eCO,RR activity can
be enhanced by simple process-strengthening techniques, such
as increasing the partial pressure of CO, and forced electrolyte
flow. At the micro level, it is urgent to develop the technology to
realize process enhancement with the help of the GDE micro-
porous structure and hydrophilic and hydrophobic adjustment.
The main research direction of the cathode microstructure is to
expand and form a stable three-phase interface. Furthermore,
the selectivity for specific C,, products should also be opti-
mized to reduce the cost of product separation and purifica-
tion. Thus, further research is needed to investigate and explore
effective methods for improving reactant concentrations
around active sites and the turnover and selectivity of adsorbed
intermediates at high current densities. It is urgent to design
high-throughput reactors with economic reactant capture tech-
nologies to increase industrial production potential.
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