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Electroreduction of carbon dioxide (CO,RR) and carbon monoxide (CORR) is promising to reduce the
global carbon footprint and obtain high-value products. However, both reactions are limited by the
intrinsically low activity of catalysts and mass transport of reactants at the catalyst/electrolyte interface.
Recent progress has highlighted the need of rational catalyst design and mass transport engineering for
improving the reaction kinetics and operating the CO,RR/CORR at current densities at ampere levels
(>500 mA cm™2). This review introduces recent advances in the CO,RR/CORR at ampere-level current
densities, especially the catalytic mechanisms and the principles for catalyst design and mass transport
manipulation. The strategies for catalyst design including alloying and doping, single atom effects,
Received 28th February 2025 regulating the morphology and structure, oxidation state control, and organic molecule functionalization

DOI: 10.1039/d4cs00863d are reviewed together with the mass transfer manipulation through electrode engineering and

electrolyzer optimization. The challenges and perspectives are discussed for further industrial
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1. Introduction

The carbon dioxide electroreduction reaction (CO,RR), pow-
ered by renewable electricity, is an attractive strategy to convert
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CO, into valuable chemicals and fuels, thus mitigating global
warming and relieving the strong dependence on traditional
fossil fuels.'™® Multicarbon C,, products (e.g. ethylene, ethanol,
acetic acid, and n-propanol), compared to C; products (e.g. CO,
formate, methane, and methanol), exhibit higher energy den-
sities and economic value and are important feedstock for
developing long-chain hydrocarbon fuels.'® Over the past dec-
ade, numerous efforts have been devoted to improving the
selectivity of multi-carbon products by using highly alkaline
electrolytes to suppress the hydrogen evolution and boost the
yield of the target products."™'> However, the alkaline CO,RR
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suffers from the carbonate formation issue, which results in deple-
tion of CO, and OH ", catalytic performance degradation,”"* and
high energy penalty for CO, recovery from the generated
carbonates.'® An alternative route for CO,-to-C,, conversion is
to reduce CO, initially to CO and subsequently to C,.. As a
carbonate-formation-free approach, the CO electroreduction
reaction (CORR) operates stably in high-alkalinity electrolytes
that favors C-C coupling kinetics."* Moreover, the CO,RR and
CORR share common reduction pathways.'”> Exploring the
CORR is also beneficial for further understanding of the mecha-
nism of the CO,RR.

Despite recent advances in CO,/CO upgrading to valuable
fuels and feedstock, the reaction productivity is typically restricted
by the poor activity of catalysts and mass transport issues. Most
related studies are conducted in the lab-scale H-cells, which deliver
low current densities (<50 mA cm ™ ?) due to the low gas solubi-
lities in aqueous electrolytes (CO,: ~34 mM in H,0; CO: ~1 mM
in H,0),>"*"® whereas industrial electrolyzers typically require
current densities >200 mA cm 2" For practical applications,
CO,/CO electrolysis must perform at ampere-level current densi-
ties (>0.5 A cm %) with high energy efficiency to minimize
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operating and capital costs.”>”>® This requires active catalysts for
efficient CO,/CO reduction and electrode/electrolyzer engineering
for improved mass transfer of the reactants, intermediates (e.g:
*CO, *COH, *CHOH, and *CHO), and electrons.

Many effective methods have been devoted to optimizing
catalysts, such as developing single atom catalysts,”” element
doping,* alloying,”® molecule functionalization,"* hydrophobi-
city manipulation, etc. Mass transport is another critical factor.
Normally, the application of gas diffusion electrodes (GDEs),
consisting of gas diffusion layers (GDLs), microporous layers
(MPLs) and catalyst layers, affords maximization of CO,/CO
solubility and sufficient mass transport directly to the catalyst
surface and further reduction at the gas-solid-liquid triple-phase
boundaries.®® Optimization of GDEs should consider the key
factors of high porosity, low electrical resistance, catalyst acces-
sibility, chemical and mechanical stability, and scalability.*'~*>
Approaches proposed to facilitate mass transfer for the CO,RR/
CORR include porous micro-structured GDE construction, wett-
ability control, polymer engineering, quasi-two-phase interface
modification, optimization of flow cells and MEA (gas channels,
membranes), cell-stack deployment, etc.>***
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Scheme 1 Schematic diagram of the main content for CO,RR/CORR at ampere-level current densities. Bi-ene-NW. Reproduced with permission.*
Copyright 2021, Royal Society of Chemistry. The mode for managing the CO,/H,O balance at the CO,RR reaction interface. Reproduced with

permission.*® Copyright 2024, Springer Nature.

A significant challenge and an important topic of research in
the field of CO,RR/CORR is how to enhance the current
densities for the CO,RR/CORR to an ampere level for industrial
applications.**™*' There have been many reviews focusing on
catalyst design, electrolyzer design, and mechanisms in tradi-
tional H-cells and flow-cell electrolyzers, respectively.**** Never-
theless, few review articles to date have focused on a holistic
consideration for boht catalysts and mass transport for realizing
the CO,RR/CORR with ampere-level productivity. A review paper
is therefore timely and will offer straightforward understanding
and insights into the ampere-level CO,RR/CORR.

This review focuses on CO,/CO reduction with high selectivity
in the ampere-level current density regime. First, we provide a
brief overview of the CO,RR/CORR, followed by introduction of
the reaction mechanism and the status of ampere-level CO,/CO
electrolysis in terms of productivity and selectivity. Next, the key
principles of designing catalysts and controlling mass transport to
promote CO,/CO reduction at ultrahigh reaction rates are sum-
marized. Finally, we highlight the challenges for the ampere-level
CO,RR/CORR and offer our views on some important and promis-
ing research directions to address these challenges (Scheme 1).

2. CO,RR/CORR mechanism

2.1. CO,RR mechanism

CO, can be converted into various products through different
multi-electron/proton transfer pathways. Fig. 1a summarizes
the faradaic efficiency (FE) of the reported CO,RR products at
different production rates (current density), representing the
selectivity of the reaction at ampere-level current. Notably, the
state-of-the-art catalysts can facilitate C,; products (e.g., CO and

This journal is © The Royal Society of Chemistry 2025

formate) formation with >95% FE at high current density over
1 A em™%>**7*8 while the specific C,. products (e.g., C;H, and
C,H;0H) have not achieved such a high FE (>80%) so far,**”°
although the FE of total C,, products has reached over 80%.>"
This originates from the adsorption of several CO, molecules,
stepwise conversion, and spatial positioning for C-C coupling.*>
Propelling deep research on the CO,RR mechanisms favors
designing more efficient catalysts and achieving more significant
breakthroughs.

Thermodynamically, CO, molecules are difficult to activate due
to the high dissociation energy of the C—=0 bond (750 k] mol *).>*
Kinetically, the CO,RR proceeds on practical electrodes for various
products, powered by an overpotential relative to the standard
potentials. According to the number of electrons transferred, CO,
can be converted to CO/formate, methanol, methane, and ethyl-
ene/ethanol via 2, 6, 8, and 12 electron transfer, respectively. As for
the generation of the most common product CO, the reduction
pathway involves either three or four kinetic steps. Normally, the
first step of CO, adsorption to form COOH* occurs via a proton-
coupled electron transfer (PCET),>* or two uncoupled steps with
CO, conversion to COO* and further to COOH*.>> Then, the
COOH* intermediate transforms into CO* and H,O over a H'/e™
transfer, followed by CO desorption. Different from the traditional
PCET pathway, H adsorption strength can be modulated to enable
tuning of hydrogen radical (H*) formation whilst simultaneously
inhibiting the HER,”® thereby enhancing the CO,-to-CO reaction
kinetics.

The formate formation is dependent on pH, which can take
place at low pH (<3) or higher values (weak alkaline).”” The
intermediate (HCOO*) is formed as CO, molecules gain an
electron, while formate is generated by combining a proton and
another electron following three pathways. Pathway 1: a radical

Chem. Soc. Rev,, 2025, 54, 6973-7016 | 6975
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Fig. 1 CO,RR/CORR mechanism. (@) Summary of the CO,RR at ampere-level current (data from Table S1, ESI}). (b) Most possible C,, pathways during
the CO,RR. (c) Summary of the CORR at ampere-level current (data from Table S2, ESI+).

anion is formed by transferring a proton to CO,, where the
oxygens are connected to the electrode surface. Thus, the
protonation takes place on the carbon atom to produce the
intermediate (HCOO), and further conversion into formate via a
second electron transfer. Pathway 2: the OCHO intermediate is
formed after transferring an electron to HCOO, which further
protonates to formic acid. Pathway 3: the carbon atom in the
radical anion is bound to the electrode surface, while the
oxygen atom undergoes protonation to produce a COOH inter-
mediate, which further combines protons and electrons to
formic acid. Among these three pathways, pathway 1 is more
favorable in product selection, due to its lower energy and
overpotential requirements. Furthermore, the OCHO inter-
mediate generation is revealed as the rate-determining step
(RDS) for CO, reduction,®® which further protonates to formate.

Carbene species (*CH,) derived from *CO is considered as
the common intermediate for CH, and C,H, formation.>® *CH,
transforms into CH, through double proton-electron transfer,
while C,H, is produced via the *CH, dimerization or CO

6976 | Chem. Soc. Rev, 2025, 54, 6973-7016

insertion in a Fischer-Tropsch-like step, which is also the
pathway towards alcohols. Differently, the second C-O bond is
broken at a late stage in the thermodynamically most favorable
pathway to CH,.®° The methoxy intermediate (*HCO, *H,CO,
and *H3CO) derived from *CO hydrogenation is converted to
CH, and *O and finally to H,0. C,H, is produced by the H,CO
species dimerization and subsequent deoxygenation. The bind-
ing ability to OH species is considered the determining factor
for methanol production over methane.®* Specially, methanol is
preferred on the catalysts with weakly bound OH which facil-
itates removing ~-OCHj from the surface (*OCH; + H' +e~ — * +
CH;3;0H), while the ones with strong OH binding promote
methane formation after breaking the *O-CH; bond (*OCHj; +
H +e - *O+ CH,).

As for the C,, production, the *CH, intermediate derived from
*CO via PCET is for generating C,Hs and CH;COO™ (Fig. 1b),
which is further protonated to *CH; and finally dimmerized to
C,H,, whereas CH;COO™ is produced by CO insertion into *CH,.
Noteworthily, the RDS for C,H,, CH;CH,OH, and n-propanol

This journal is © The Royal Society of Chemistry 2025
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production is the *CO dimerization step. The *CH,CHO inter-
mediate derived from the *CO-CO dimer determines the selec-
tivity of C,H, and C,H;OH. Besides, n-propanol is formed by CO
insertion into the stabilized C, intermediates.®?

Apart from the above intermediates, proton transfer also
plays a crucial role in the CO, electrolysis process.’ Typically,
hydrogen transfer proceeds via the Eley-Rideal mechanism
with proton-coupled electron transfer directly from solvent
water,®® while hydrogenation can also happen via the Lang-
muir-Hinshelwood mechanism using surface-adsorbed *H.
These two mechanisms are responsible for C-H bond and
O-H bond formation, respectively, with the former one being
critical to C,, production and H, suppression and the latter one
being the dominant hydrogenation route. H' reduction is
negligible in neutral and alkaline electrolytes, while H,O
reduction is pH independent. H' serves as an additional proton
source for the hydrogen evolution reaction (HER) in acid,
whose reduction rate can be decided by the local pH near the
cathode. Suppression of H" mass transfer benefits constructing
a local high-pH environment around the catalyst and restricting
the H' reduction rate. To facilitate the CO,RR in acid, mass
transfer and electrode reactions can be modulated by various
strategies, such as introducing alkali cations in electrolytes to
inhibit H" migration, suppressing H' diffusion by catalyst
surface decoration, regulating the electronic structure of cata-
lysts, and controlling the interfacial H microenvironment via
adding sulfonate-based electrolyte additives.**

2.2. CORR mechanism

Recently, the CORR has attracted much interest for the green
synthesis of C,, species, due to its stable operation in alkaline
electrolytes, circumvention of carbonate formation, and higher
reaction rates than those of the CO,RR.*****>°® Fig. 1c displays
the FE of the reported CORR products at ampere-level current
density. Obviously, most FE_ values approach 80-90%,""°* but
the specific C,; product (acetate, C,H,) exhibits a FE less than
70%,%"° while n-propanol exhibits only <37%.%” The CORR
shares the common reduction pathways to the CO,RR after CO,
is converted to the absorbed *CO. The CO-to-methanol conver-
sion is promoted by Rh;Cu, alloy with homogeneous distribu-
tion of isolated Rh sites inside the Cu framework.®® The isolated
Rh active sites enriched *H coverage on the catalyst and favored
*CH,OH hydrogenation, resulting in efficient methanol
production.®® The lowest energy pathway for CO-to-C,HsOH
reveals that CO is firstly reduced at 0 and —0.40 V vs. RHE,
followed by the intermediate protonation via proton and elec-
tron transfer and finally the product desorption. During which,
the dehydration of OH groups makes them more active than the
oxygen atoms in the carbonyl group. Sharing the same pathway
as C,H;OH, the CO reduction to C,H, is formed at the sixth
H'/e™ transfer step, which is inclined from C,H;OH by approxi-
mately 0.2 eV.

The pH effects on the CORR reduction pathways were
studied theoretically.” CHO and COH are produced from the
protonation of absorbed CO at acidic pH, which transforms
into C, species by removing OH or the CHOH path, whereas the

This journal is © The Royal Society of Chemistry 2025
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oxygen atoms in carbonyl are hydrogenated to C; products via
CHO. In comparison, C,. species are favored at neutral and
high pH. The C-C coupling is facilitated at neutral pH through
a novel CO-COH pathway, while the dimerization of adsorbed
CO is dominantly responsible for generating C,/C; products at
high pH. Thus, modulating pH and applied potential play
crucial roles in boosting C,. selectivity. Protons in electrolytes
also present critical effects on the surface adsorbed *H species
and the production of C,, species such as ethanol. However,
the selectivity of C,, oxygenates is challenged by the hindered
coupling of *H and carbon-containing intermediates due to
their inappropriate distributions in catalytic interfaces. There-
fore, efficient water dissociation and proper *H distribution
benefit the coupling with the carbon-containing species to
generate C,, oxygenates.”"

The adsorbed CO initially dimerizes at neutral pH and then
transforms into *(OH)C—COH, followed by protonation to
*C—=COH,”>”® which is further reduced to ethylene and alcohol
via parallel pathways. Besides, a surface ketene *C—C—O0 derived
from *(OH)C—COH at high pH is attacked by OH™ to produce
acetate.”* After the dimerization of adsorbed CO, the *CO-COH
intermediate is formed, which further transforms into acetate.

Currently, most works are devoted to the CO,RR/CORR for
liquid alcohols, due to their high energy density, transportation
readiness and well-established utilization infrastructure, espe-
cially the monohydric alcohols (methanol, ethanol). Apart from
this, the higher-valued diols (ethylene glycol (EG), (CH,OH),)
attract increasing attention. The densely arrayed Cu nanopyr-
amids could retain two oxygen atoms for hydroxyl formation
fed by CO, or CO.”® The unique spatial-confinement structure
facilitates C-C coupling by lowering the reaction barrier, lead-
ing to EG generation. This is achieved by maintaining oxygen to
the *COH-CHO pathway to EG, and inhibiting C-O breaking in
*CH,OH-CH,O0 to further hydrogenation to EG.

2.3. In situ/operando characterization

To clearly understand the CO,RR/CORR mechanism at ampere-
level current density, in situ/operando investigations are power-
ful to provide valuable insights.”®””® X-ray absorption spectro-
scopy (XAS) can determine the electronic structure and
coordination environment of the absorbed element, which is
classified into the X-ray absorption near edge structure (XANES)
and the extended X-ray absorption fine structure (EXAFS)
regions. XANES mainly probes the oxidation states and electro-
nic configurations of active species, while EXAFS sheds light on
the interatomic distances and the coordination with neighbour-
ing atoms. XAS demonstrates the activity—structure relationship,
probes the active sites, and reveals the structural evolution of
active sites during the CO,RR/CORR process. Very recently,
operando XAS demonstrated that the active Cu' sites are stable
during the industrial-current-density CO,RR for C,. species
production in both acidic (77.0% at 700 mA cm™ ) and alkaline
(82.6% at 900 mA cm ™ ?) electrolytes.”” The dendritic morphol-
ogy of copper oxide catalysts is effective in simultaneously
enriching K', increasing local pH, and promoting *CO adsorp-
tion. This updated mechanism indicated that the sharp surface

Chem. Soc. Rev,, 2025, 54, 6973-7016 | 6977
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microarchitecture other than the oxidation state contributes to
advancing the CO,RR industrialization. Attractively, in situ XAS
favors detecting electron donation onto the support and reac-
tants and proposes a transient poisoning mechanism on Ni SAC
for CO production in consideration of impurities (NO,, and
CN™).”° Besides, in situ XAS discovered that the F dopant with
high electronegativity,® among the Cu NPs supported on a
series of carbon doped with a heteroatom with varying electro-
negativity (B < P < S < N < F), contributes to reduced electron
density on Cu and facilitates C,, formation, showing 82.5%
FEg,, at 400 mA cm~? with 44 h stability, due to the decreased
C-C coupling energy barrier by F doping.

In situ and quasi in situ X-ray photoelectron spectroscopy
(XPS) can characterize the changes in composition and chemical
and electronic states of the catalysts during the CO,RR/CORR
process. Because of the different measured depths of XPS and
XAS, these techniques are normally complementary to one
another for investigating the bulk material properties. For
instance, quasi in situ XPS demonstrated the surface chemical
state changes from initial Cu®>*/Cu’ to Cu*/Cu® at applied negative
potentials and the asymmetrical sites of Cu’/Cu® remaining
stable during the CO,RR,*' while operando XAS indicated the
gradual evolution of the initial CusP particles into Cu clusters
upon increased negative potential under CO,RR conditions. This
reconstructed structure exhibited abundant asymmetrical sites
facilitating C-C coupling, and the Cu cluster-support interaction
promoted *CHCOH hydrogenation towards ethanol at industrial
current density.

In situ X-ray diffraction (XRD) sheds light on the crystal
phase of catalysts in real time, benefiting the analysis of the
catalyst stability and phase transition. However, iz situ XRD can
only characterize the crystalline samples, and the local sites of
components are impossible to detect due to the low spatial
resolution. Time-dependent, synchrotron-based XRD probed
the structural evolution of SnO, nanospheres during long-
term CO, electrolysis at —1.2 V vs. RHE,* with transformation
of SnO, nanocrystals into metallic Sn (ca. 23 nm) and main-
taining the crystallite size over 30 h. Besides, a minor residual
oxide phase was detected, due to the reoxidation in air exposure
between electrochemical and XRD tests. The metallic Sn
worked as active sites during the long-term CO,-to-formate
conversion. Moreover, in situ XRD of the CuAu;oAgs 20,N-
based GDE demonstrated the reduction of CuzN to Cu® during
the CORR,** evidenced by no detection of the CuzN signal in
in situ XRD. This transformation was also confirmed by the
in situ Cu K-edge XANES with shift to low energies at applied
CORR potentials.

Vibrational spectroscopy (UV/visible/IR photons) helps to
elucidate the electrochemical performance by testing the mole-
cular vibrations, such as the solvent, catalyst and reactants/
intermediates/products, interpreting the catalytic mechanism.
In addition, in situ vibrational spectroscopy also detects the
transient changes of catalysts (redox transformation, oxide
metallization). In situ UV-vis absorption spectroscopy is power-
ful to identify the reaction intermediates, such as in the
reduction of Co(i) to Co(1) during the CO,RR,** and the recovery

6978 | Chem. Soc. Rev,, 2025, 54, 6973-7016
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of the molecular phthalocyanine species after the electrode
washing with trifluoroethanol.®® Similar intermediate detection
ability was also demonstrated by in situ XPS. Compared with
them, in situ Raman and in situ IR are more widely applied for
probing the real-time intermediates, because of the easier
conversion of traditional Raman and FTIR analyses into
in situ characterization techniques by rational design of the
in situ cells, and more sensitive and accurate intermediate
detection based on chemical bond vibration in the molecules.

In situ Raman helps to elucidate the catalytic mechanism by
monitoring the catalyst structural evolution and the intermedi-
ate adsorption. When combined with in situ XRD, the catalyst
structure evolution (In,O; — In — In(OH);) and variations in
intermediate adsorption were discovered to be related to over-
potential and selectivity changes during the CO,RR.%® The
innovative small current pre-evolution helps to construct a
stable and porous catalytic interface, resulting in 88.7%
FEformate at 500 mA cm™ 2. In situ Raman not only tracked the
structural evolution of the COC-NPs,”” including the reduction
of COC-NPs with anion leaching and the incomplete reduction
of Cu®*' in Cu dendrites, but also verified that the CuO,-
dendrites promoted CO,¢p formation for C-C coupling towards
C,. species. Similarly, high *CO coverage around the partially
reduced Cu'/Cu® active sites at the Ag/Cu,O interfaces was
tracked by in situ Raman, explaining the high production of
Cy (FEc,, 73.6%, jc,, 478.4 mA em?) and C,H, (FEq 4, 66%,
Je,u, 429.1 mA cm™?).*” Additionally, in situ Raman indicated
COgy¢op On Cu changed from static high-frequency band CO to
dynamic low-frequency band CO by incorporating Pd,*® achiev-
ing increased C,, production (FE¢_ 66.2%, jc, 463.2 mA cm™>).

In situ attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATRSEIRAS) detects the adsorbed
molecule-catalyst surface interactions, evaluates the existence
of individual metal atoms and quantifies their percentage,
in situ collects interfacial information, reveals the persistent
alkalinity near electrode surfaces during the CO,RR, and probes
the reduction pathways.**"** For example, in situ ATR-IR demon-
strated the HCOO™ presence and absence of other intermedi-
ates on the InNNCN catalyst during the CO,RR, elucidating the
high formate production (FEgormate 96%, jormate 400 mA cm™2).%
Besides, in situ FTIR also detected the enhanced *OCHO cover-
age on Sn-C/SiO, for CO,-to-foramte conversion,” pronounced
COOH formation and CO, consumption on CoPc-POP-c upon
increasing overpotential for CO production,” and showed a
strong *CHO signal on Cu-BIF/NO; for CO,-to-C; and intensi-
fied *OCCHO and *CH;CH,O signals on Cu-BIF/Cl for CO,-to-
Cy4,'° respectively. Additionally, operando IR confirmed that
increased K' concentration intensified the adsorption of CO,
and *CO on Ni-NC,” which changed the interfacial water
structure (H,0 to H;0'), accelerating CO production in
strong acid.

Combination of in situ Raman and in situ IR helps to probe
the key intermediates, revealing the catalytic mechanism.’®°” For
example, in situ Raman and ATR-SEIRAS verified that the Ag-Cu-
nitrogen-doped carbon tandem catalysis system effectively
enhances the linear adsorption of *CO and H,O dissociation,

This journal is © The Royal Society of Chemistry 2025
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promotes C-C coupling, and stabilizes *OCCOH for C,, species
production.®® In situ Raman and in situ IR indicated that Cu NPs
supported on electron-donating amine group modified single-
walled carbon nanotubes (SWCNTs) presented enhanced *CHO
coverage towards C-C coupling,”® while Cu NPs on electron-
withdrawing cyano modified SWCNTs preferred producing C;
species. Besides, in situ electrochemical attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR) and
in situ Raman confirmed the *CO stabilization and promoted
C~C coupling by C-Cu,O NPs,'*® which contributed to CO,-to-Cs,
conversion with a high FE¢, (76.2% at 800 mA cm™?). To under-
stand the relationship between the surface microenvironment
and the CO,RR performance, in situ surface-enhanced Raman
spectroscopy (SERS) and in situ ATRSEIRAS were deployed to
detect the key intermediates and molecular structures of func-
tional groups and reveal the underlying mechanism.'® The
results demonstrated that the *CO coverage is considerably
higher on the Cu nanorod developed by isopropanol (Cu-NRjp,)
than that by dimethyl sulfoxide (Cu-NRpyso) and EAC (Cu-
NRgac), and the enhanced C-C coupling by Cu-NRjp, was con-
firmed by the intense IR signal of *COOH and *OCCOH inter-
mediates. Moreover, the Nafion ionomer exhibits various
aggregation behaviours in solvents with different dielectric con-
stants (¢), and increasingly aggregates under smaller ¢, posing the
*CO-incompatible -SO;H groups away from the Cu surface,
alongside the aggregated hydrophobic —(CF,),~ chains. This
arrangement enhances *CO adsorption and promotes the HER,
suggesting that the CO,RR product distribution can be controlled
by adjusting the dispersion solvent. For example, changing low-¢
DMSO into moderate-¢ IPA contributed to increasing FE¢,, from
67.5% to 90.5% at 800 mA cm 2 on Cu nanosheets.

In situ electron spin resonance (ESR) derived from magnetic
resonance mainly detects the unpaired electron transitions
under an applied magnetic field, and is appropriate to identify
the existence of unpaired electrons or single electrons in
molecular orbitals.’®* Radicals generated on a catalyst surface
can be monitored by in situ ESR, providing insights into the
reaction pathway and catalytic mechanism.

Apart from the structural information obtained from the
above-mentioned techniques, operando electrochemical liquid-
cell scanning transmission electron microscopy (EC-STEM)
demonstrated the structural evolution of Cu nanocatalysts into
active metallic Cu nanograins for the CO,RR,'® while operando
4D STEM in liquids,"®* with co-existing H, bubbles formed
during the CO,RR to create a thin liquid layer to improve spatial
resolution for nanoscale dynamic evolution of catalysts,
revealed the complex structure of active polycrystalline metallic
Cu nanograins at solid/liquid interfaces. In situ environmental
TEM (ETEM) was powerful to track the formation of a Bi-N-C
SAC with Bi-Nj, sites on porous carbon networks,'°® with evolu-
tion from Bi nanoparticles to single atoms during the CO,RR.

In situ mass spectrometry (MS) can monitor the catalytic
products in real time, which helps to determine the onset
potential and the product species at various potentials. This
strategy has been devoted to detecting gaseous hydrocarbon
products of the CO,RR,'°® with utilization of pervaporation to
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separate and collect products continuously. In more details,
according to the potential sweep from 0 to —2 V vs. SHE and the
intensities of the different fragments, the products of H,, CHy,
and C,H, are recorded at a mass to charge ratio of 2, 15, and 26,
respectively. Their corresponding onset potential is ~—1.12 V,
—1.64 V, and —1.53 V vs. SHE, respectively, indicating a much
lower overpotential of hydrogen evolution products than the
other CO,RR products. In this work, a combination of an
electrochemical scanning flow cell with an online mass spectro-
meter together with a gas purging system was designed to
enable analyzing the volatile reaction products to screen the
electrochemical reactions, which accelerates the catalyst mate-
rial research and optimal condition determination for fabricat-
ing practical devices. However, analyzing the liquid products in
real time is complex due to the ion suppression by the non-
volatile salts in electrolytes. To successfully detect the liquid
products, the online electrochemical mass spectrometry
method (EC/MS) was deployed to investigate the CO, reduction
in sulfuric and perchloric acid on polycrystalline Cu.'®” Apart
from identifying gas (CH,, C,H,) and highly volatile product
(CH30H, HCHO) formation, EC/MS also demonstrates that the
formation of methane and formaldehyde is kinetically favored
than that of ethene and alcohol in both electrolytes. The
absorbed anion from the electrolyte determines the potential
at which HCHO generates. The CO,RR/CORR proceeds via an
electrocatalytic hydrogenation process. Various products (H,,
CH,, C,H,, CH3;0H, and C,H;OH) can be detected within one
minute, but there are challenges because of the difficulty of
delineating all the CO,RR products due to the ionized and
broken-down samples, and the product quantification issue by
the low and/or ill-defined product collection. Despite these
problems, a novel flow cell was designed to extract gas and
liquid through a membrane,'®® achieving quantitation of H,,
C,H,, and propanol. This novel differential electrochemical mass
spectrometer (DEMS) cell demonstrated CO,RR on polycrystal-
line copper. The real-time quantification of products is deter-
mined by the function of the applied potential during linear
sweep voltammetry within 1 h. Moreover, some other applica-
tions involving MS such as online inductively coupled mass
spectrometry (ICP-MS) have demonstrated significant potential
in investigating the catalyst degradation, validating the atomic
elemental compositions of catalysts, and elucidating the effects
of impurities, while synchrotron-radiation-based vacuum ultra-
violet photoionization mass spectrometry (SVUV-PIMS) plays a
crucial role in resolving the dynamic interfacial species evolution
during the CO,RR on Cu. In situ MS not only directly tracks the
generation of gas/liquid intermediates and final products in real
time, but can also be used to observe and quantify the local
reaction environment.

Therefore, in situ characterization benefits identifying the
intermediates/active sites/reaction pathways, studying the reac-
tion environment effects, and probing the catalyst evolution,
which shed light on the CO,RR/CORR mechanism. In situ XAS/
XRD/XPS monitors the element structural information, in situ
UV/Raman/IR identifies the intermediates/functional groups/
reduction routines, in situ MS focuses on determining the
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intermediates/final products, while in situ TEM tracks the mor-
phological evolution of catalysts and the distribution of single
atoms. Each technique exhibits advantages and disadvantages
(Table 1), based on which, combining multiple iz situ techniques
promotes understanding the CO,RR/CORR mechanism and
enriching the structure database for machine learning, guiding
to design more efficient catalysts for practical applications.

3. Principles of catalyst design for the
CO,RR/CORR at ampere-level current

Some works reported remarkable CO,RR/CORR at real ampere-
level current density (>1 A cm ™2, Fig. 1a and c). Such high reaction
rates are technically significant and promising for practical applica-
tions. Herein, in-depth investigation into CO,RR/CORR beyond
1 A ecm™? is discussed. Two aspects for achieving high current
density should be considered. (1) Catalyst design - the scientific
principles; (2) mass transfer management — technically.

Catalyst design for CO,-to-CO conversion beyond 1 A cm™
can be achieved by modulating the d-band of a metal center for
efficient *COOH adsorption and *CO desorption, especially
using square-pyramidal Ni-N;,*” NiN,-O sites with an axial
oxygen,'™ and Hg-CoTPP combined with N-doped graphene."*
The Ni SAC derived from Ni-doped ZIF-8 exhibits abundant
defective sites and a mesoporous structure for CO, adsorption
and mass transfer, affording 96% FEco and 1.06 A cm >.'"?
While Ni dual-atom sites facilitate hydroxyl adsorption to
generate electron-rich active centers,® resulting in a moderate
reaction barrier for *COOH formation and *CO desorption.
This further results in over 99% FEqo, 77500 h™' turnover
frequency and jco approaching ~1 A cm™2. Other strategies to
achieve CO,to-CO conversion beyond 1 A ecm™? include applying
external magnetic field to promote CO, adsorption at Ni sites and
suppress the HER,"** depositing CoPc crystals on carbon paper to
enhance surface charge transfer,"'” and introducing Ru atoms on
the Ce,gSm,,0, s surface to alternate the catalyst electronic
structure for achieving favorable oxygen vacancy formation and
improved CO, adsorption and activation.'*® While modifying the
Cu(200) nanocube surface by Cs atoms provides an effective
strategy for ampere-level CO,-to-ethanol conversion,'"” attributed
to the stabilized C-O bond in oxygenate intermediates towards
ethanol.

To promote *CO intermediate and *H coupling while minimiz-
ing side reactions (C-C coupling, H-H coupling) for CO,-to-CH, at
high current density,""® Cu-based catalysts comprising a Cu-N
coordination polymer and a CuO component were developed which
can manage the key intermediates (*CO, *H). The Cu-N coordina-
tion polymer exhibited increased Cu-Cu distance favoring *CO
hydrogenation over the dimerization, while the CuO component
afforded sufficient *H supply, resulting in a fast CH, formation rate
(3.14 mmol em ™ h™") and 51.7% FEcy, at 1300 mA cm ™2,

Doping (Rh doped Cu,''® S-Li co-doped Sn,'?*° Eu-doped
CuO,,"”" S-doped BiS,"** F-doped Cu,"** Pb,Cu single atom ally
(SAA),"** Mo;Cu SAA,"”® and SAA-Zn,Bi'*°) and alloying
(CugSns, ™’ CuoGa,'*®) indicated high activity and selectivity

2

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

for the CO,RR beyond 1 A cm 2. Among which, the Rh dopant
exhibits a stronger oxygen affinity than Cu and facilitates
*CH,CHO adsorption and weakens the C-O bond, favoring
ethylene production, Au dopants with weaker oxygen affinity
than Cu promoted ethanol production by the C-O bond stabili-
zation, while Ru with too strong oxygen affinity suffers from
slow *O removal from the dopant site. Li dopants incur electron
localization and lattice strains on Sn, which boosted CO,
conversion to formate with enhanced activity and selectivity.
The introduced Eu to Cu, compared to other lanthanide metals,
undergoes Eu®" reduction from Eu®*, which prevents the nano-
particle agglomeration, achieving ~80% FE¢_ at 1.25 A cm™ >
Apart from the metal dopants, non-metal dopants such as S and
F effectively modulated the electronic structure of catalysts
(Bi, Cu), promoted water activation and formation of the key
intermediates (HCOO*, CHO) for formate and further C-C
coupling towards C,. species, respectively. Different from the
promoted formation of HCOO* by Pb;Cu and the moderate
*OCHO adsorption by SAA-Zn,Bi for formate, Mo,;Cu achieved
atom-scale cascade catalysis for CO,-to-C,, conversion with
remarkable FEc, (86.4%) and maximum jc, (1.33 A cm™?). Mo
sites facilitated water dissociation to *H, the Cu sites (Cu®) far from
the Mo atom promoted CO, conversion to CO, while the adjacent
Cu sites (Cu®**) near the Mo atom captured CO and *H to enhance
CO conversion and C-C coupling. As for the CusSn; and CugGa,
alloys, the former one exhibits strong *OCHO affinity and weak *H
binding, delivering 91% FE¢omicacia at 1.2 A em™ > in acid, while
the latter one presents an elongated Cu-Cu distance for simulta-
neous reduced *CO repulsion and increased *CO coverage, which
promoted C-C coupling towards C,. species with maximum jg
(1.27 A em™?) and 71% FEc, .

Alternation of the catalyst particle size or structure resulted

in CO,RR beyond 1 A cm™>. By solely controlling the Cu
nanocluster size from 200 to 0.5 nm, the selectivity shifted from
ethylene to methane,'** approaching 85% FEcy;, and maximum
Jeu, (1.2 A em™?). This originated from the dominant Cu(111)
facets at such extremely small size. While other works on lattice-
distorted Bi,"*° highly exposed Bi(110),”* and tensile strain
engineering on non-defective Bi sites"*" or Cu(100),"*?
5 nm Cu quantum dots with dominant Cu(100),"** achieved
outstanding CO,RR with partial current density over 1 A cm™ 2,
due to the structure modulation effects on the intermediates of
*OCHO for formate, and the enhanced *CO coverage for C-C/
C-CHO coupling towards C,,/C,H,, respectively. Interestingly,
the in situ reconstructed Bi-based catalysts*>*** optimized
*OCHO adsorption and further conversion to *HCOOH towards
formate, resulting in remarkable jeormate OVEr 1 A cm™?, while the
reconstructed CuO regulated by carbonate shell presents
Cu(0) generation with abundant grain boundaries and small
particles,"** which stabilized *CO and facilitated C-C coupling,
leading to 82.8 + 2.2% FE¢_ at 2.0 A cm >,

Tandem catalysts (Cu/Fe-N-C s-GDE, Cu/Ag s-GDE,"** CuO/
Ni SAC,”' Cu,0/Al,0;,* and CuO/AglO;"*°) exhibited good
control over the *CO intermediate and promoted C-C coupling
at ampere-level current density, where the CO-selective catalysts
enriched local CO coverage and enabled rapid consumption of

and
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the in situ generated CO, subsequently, C,. species formation
was promoted on the Cu-based catalysts.

Surface modification of catalysts/electrodes by an indigo-
based polymer (Id),"*” polymeric ionic liquids (PILs),**® alka-
line ionic liquids (AILs),"*® long alkyl chain (toluene),*® sodium
citrate,"*° and tetrabutylammonium cations (TBA)"* is highly
active and selective for CO,/CO electrolysis beyond 1 A cm 2,
attributed to the optimized interfacial CO, binding affinity and
accelerated formation of *CO,~ and *COOH by Id, the alter-
nated H' transfer, enriched K', and promoted C-C coupling by
the PIL adlayer, the multi-roles of AILs (CO, accumulator/
activator, intermediate stabilizer, and CO dimerization promo-
ter), the remained and enriched CO, but blocked water transfer
by toluene, Cu” stabilization and promoted *CO hydrogenation
to *CHO by citrate anion, and the enhanced CORR activity and
improved ethylene production by TBA", respectively.

Efficient mass transfer is a must for the CO,RR/CORR at
ultra-high current density (>1 A cm™ ). This can be achieved by
a catalyst:ionomer bulk heterojunction to decouple gas, ion,
and electron transport,'”> a GDE with a Cu-based ultrathin
superhydrophobic macroporous layer'**> and a porous organic
cage additive for highly enhanced CO, diffusion,"*?
the MgAl LDH nanosheet ‘house-of-cards’ scaffold to disperse
CuO-derived Cu,*® and a GDE with a mesopore-rich hydrophobic
copper catalyst layer for fast CO transfer.'** Moreover, Cu/Ag/Ni/Bi/
Zn-based hollow fiber penetration electrodes (HFPESs), character-
istic of a unique micron-scale hollow finer structure, oriented mass
transfer from the inside to outside of the HFPEs, and construction
of stable tri-phase interfaces, facilitating CO,/CO activation and
favoring key intermediate formation, are effective in promoting
desorption of adsorbed species at ultra-high current densities over
1 Acm™ 2, heightening the CO,RR/CORR and suppressing the HER
simultaneously. As a result, ultra-high partial current density
(>1 A cm?) was achieved, together with outstanding product
selectivity'***” and stability (>100 h).*®

Furthermore, K' accumulation can be achieved by Cu
nanoneedles,'**'*° which enables highly efficient CO,/CO
electrolysis.

At the device/system level, the PiperlON membrane with
high carbonate conductance demonstrates record high activity
and selectivity for industrial CO,-to-CO conversion in a tailed
MEA,"" while the utilization of a robust and efficient catalyst,
stable three-phase interface and durable membrane afforded
producing formic acid over 5200 h in the CO,RR-hydrogen
oxidation coupling system.'” Optimization of the components
(oxide-derived Cu, carbon-based GDE, and their assembly)
demonstrates ultra-high-rate CO, electrolysis.'>® Another signifi-
cant factor of CO,/CO coverage,">*'* controlled by CO pressure,
can also be tuned for ultra-high rate CO,RR/CORR.

Therefore, the key to enable the CO,RR/CORR at ampere-level
current is to develop efficient catalysts with improved activity and
selectivity,">® which can be realized by increasing the number of
active sites and the intrinsic activity of each active site.">” Another
key to ampere-level CO,/CO electrolysis is the mass transfer
manipulation. Representative principles for catalyst design are
summarized in this section, including alloying and doping, single

as well as
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atom effects, regulation of the morphology and structure, oxida-
tion state control, and organic molecule modification, while mass
transfer will be discussed in the next section.

3.1. Alloying and doping

Bimetallic catalysts are effective in breaking the scaling rela-
tionship during the CO,RR/CORR process (Fig. 2a), thereby
stabilizing the intermediate and decreasing the overpotential
and further improving the selectivity (Fig. 2c). For comparison,
the pure Cu-based catalysts for CO,/CO electrolysis at ampere-
level are summarized (Fig. 2b). With CO, feed, pure Cu catalysts
presented a FEg  ranging from 40% to 90.9% with more
accumulation at 70% to 80%, lower than those of the alloys
or doped Cu (80% to 94%, Fig. 2b). Similar trends were detected
for C,H, (32% to 67% vs. 60% to 70%) and ethanol (37% to 44%
vs. 45% to 79%). Both pure Cu catalysts and alloys/doped Cu
contributed to high C; species production (CH,, formate) with
FEcn, at 57% to 85% and FEymate OVEr 90% to unity, respec-
tively. CO-to-C,. conversion by pure Cu catalysts exhibited FE¢
at 75% to 93%, inferior to those of the alloys/doped Cu (80% to
96%). Besides, pure Cu catalysts facilitated acetate production
(43% to 68%), while the alloys/doped Cu exhibits better cap-
ability of producing alcohols (ethanol, propanol, and C,.
alcohols) beyond acetate. Therefore, pure Cu-based catalysts
are relatively difficult to achieve high activity and selectivity to
C,. species, due to their low adsorption ability to the key
intermediates and the non-specific selective CO,RR/CORR
pathways. This can be addressed by doping/alloying to alternate
the electronic circumstance of Cu-based catalysts. Normally,
the dopants include non-metal elements (C, N, O, F,'**'*% p, )
and metal elements (Na, Mg, K,"*° Sc,"®® Mn, Co,*** Ni, Cu,"¢*
Zn, Ga, Nb, Ru, Pd, Ag,"'*'*4% 1n, Sb, Te, Cs,'"” La,'®* Sm,"*!
Eu, Gd, Au, Pb). The non-metal doping plays crucial roles in
manipulating the electronic structure of active metal species
and thus enhancing the electrochemical performance.'®>*¢®
For example, among a series of heteroatom-engineered Cu
(X-Cu, X = N, P, S, 0),®* N-Cu demonstrated the optimal CO,-
to-C,, performance with 73.7% FE¢,, and 909 mA cm 2 Je,.» due
to its enhanced *CO coverage, favorable *CO adsorption, and
much slower local H proton consumption than Cu. S doping
into Bi modulates the HCOO* formation towards formate,'*
achieving ~95% FEormate at 2000 mA cm ™2 in both alkaline and
acidic flow cells, while S doping into Cu"®” and Sn'®® enhances
the *OCHO coverage and promotes CO,-to-HCOOH at industrial
reaction rates, contributing to 92% FE¢omate With 321 mA cm ™2
Jtormate and 92.15% FEgormate With 730 mA em ™2 jormate, T€Spec-
tively. Non-metal (S) and metal (Na, Ag) co-doped catalysts
(Bi(110)-S-Na,** Ag-In-S'®%) illustrated outstanding formate
production, due to the co-doping induced improved Bi-Bi
metallic bonds, stabilized *OCHO and promoted water dissocia-
tion to H*, as well as the decorated interface strain for stabiliz-
ing the key intermediate and accelerating charge transfer.
Incorporating metal dopants into a second metal such as
Cu-Bi,>>'"! s$n-Bi,'”*> Pb-Cu,"** Zn-Bi,"*® Sb-Bi,'’> Cu-Sb/
Pd,"”? CuSb,"”* Co,Cu,"”® Cu-Au,"’® and Cu-Sn,"”” are highly
selective to CO,-to-C; conversions. The interaction effects in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Alloying and doping effects. (a) Summary of reported alloying and doping for ampere-level CO,RR/CORR. (b) Summary of pure Cu-based
materials for CO,RR/CORR at ampere current density (data from Tables S1 and S2, ESIt). (c) Summary of reported FE by alloying and doping (data from

Tables S1 and S2, ESIt). (d) The proposed reaction mechanism for CO,RR
Reproduced with permission.”® Copyright 2024, John Wiley and Sons.

alloys Cu-Bi,”> Sn-Bi,"”*> Zn-Bi,'*® and Sb-Bi'’* selectively
stabilize *OCHO towards formate, while Pb-Cu'** modulates
the first protonation step of the CO,RR and facilitates formate
formation via HCOO* rather than COOH*. Apart from which,
the unique high-curvature Te-Bi nanotips incur enhanced
electric field to steer the *HCOOH formation (Fig. 2d),"”® thus
decreasing the energy barrier for *OCHO and *HCOOH and
affording high formate selectivity at low overpotential. As for
CO,-to-CH, conversion, the incorporated Cu single atom into

This journal is © The Royal Society of Chemistry 2025

over TeBi NTs. The purple and brown balls represent Bi and Te, respectively.

Cu enhances water activation and dissociation,"”” reducing the
energy barrier for *CO hydrogenation. The modulated *CO
adsorption configuration exhibited stronger bridge-binding,
benefiting CH, production over the C-C coupling or CO
desorption pathways.

The alloy effects on C,. production are more complicated,
either by Ag-Cu,"””"'”® Cu-Pd,*® Cu-Ag/Au,"”® Cu-Sn,"**"®" Cu-
Ga,22,128 Cu_Mg’182,183 Gd—Cu,184 Cu_zn7185 al’ld MO_Cu125
from the CO,RR, or by Cu-Sn,'®® cCu-Cd,"®” Cu-Au,’
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Cu-Ag,°”'® Cu-Zn,'® and Cu-Pd*® from the CORR. The intro-
duced metals into the alloys contribute to enriching the *CO
coverage and promoting C-C coupling. For instance, the Ag-Cu
single atom alloy (SAA) enhances the *CO adsorption energy on
Cu sites,"”” because of the compressive strain between the Cu
atom and the adjacent Ag atom, and C-C coupling is promoted
to produce C,. species with high FEg_ (94 + 4%) under
~720 mA cm~? at —0.65 V in an alkaline flow cell. While the
introduced Mo sites promote water dissociation to *H,"** the
active Cu sites (Cu®) far from the Mo atom activate CO, into CO,
and the adjacent Cu sites (Cu®") near the Mo atom capture CO
and *H, thus promoting C-C coupling. The Mo-Cu single atom
alloy demonstrated remarkable FE¢_ (86.4% at 800 mA cm™?)
and maximum jc_ (1330 mA cm?).

The p-d orbital hybridization works as well in promoting C,.
production. The characteristic Ga—Cu interaction enhances the
active site concentration and provides strong binding to the *CO
intermediate and facilitates C-C coupling where a high FEc,
(81.5%) at 900 mA cm™ > and —1.07 V vs. RHE were achieved.*>
This strategy can be extended to other p-block metal-doped Cu
catalysts (CuAl, CuGe). Similarly, a Cu-Ga atomic alloy with both
active (Cu(100), Cu(111)) and inert (Ga) *CO binding sites for
locally enriched *CO coverage and reduced *CO repulsion was
developed,'*® which delivered a peak ji (1207 mA ¢cm™?), high
FEc,, (71%), and high-power capability (~200 W).

The product distribution of the CO,RR can be modulated by
varying the doping amount of the alien element.®® For example, a
small amount of Pd (0.25% and 0.5% Pd) doping to Cu facilitates
C,.+ production, while a higher Pd content (1-5%) leads to a 3-5-
fold increase in FEqo. Doping Sn atoms to Cu has been confirmed
effective in compressing Cu atoms and enriching *CO on Cu sites.
Low-entropy state CuSn alloy outperforms high-entropy state CuSn
alloys (CueSns) with enhanced *CO adsorption capability and
facilitates CO, reduction to ethanol.’®® Cu,Sn exhibits substantially
enhanced adsorption of the key intermediates (*CO and
*CHCHOH) for ethanol formation, thus enabling high FEemanol
(>40%) at industrial current (900 mA cm™>).

Stabilizing the Cu" sites by Mg modification promotes CO,
electroreduction to C,..'®” Assisted by a fast-screening plat-
form, Cu-Mg stands out among the 109 Cu-based bimetallic
catalysts. The Mg modified Cu achieves 80% FEc, with
1000 mA cm ™~ > at -0.77 V vs. RHE, attributed to the stabilization
of Cu' sites by Mg species for enhanced *CO coverage to
facilitate C-C coupling. Different from the bimetallic alloys,
copper co-alloyed with isolated Sb and Pd was designed for
effective CO,to-CO conversion,'”®> where Sb and Pd single
atoms work synergistically to shift the Cu electronic structure
to promote CO generation, suppress HER and enhance the
catalyst stability by inhibiting atom aggregation. Almost unity
CO selectivity at 402 mA cm > and high activity (1 A cm™?)
in neutral electrolyte, as well as ultrastability of 528 h at
100 mA cm~? with over 95% FE¢q were achieved.

The alloy effect also applies for the CORR."*® Modulating
the active sites by developing atomic interfaces or grain bound-
ary sites is able to boost n-propanol synthesis from the CORR.
An asymmetric C-C coupling active site was constructed

6984 | Chem. Soc. Rev,, 2025, 54, 6973-7016
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wherein the adjacent Cu atoms exhibit different electronic
structures for interaction with two adsorbates to activate the
asymmetric reaction.®” Ag doping into Cu results in arising
strain and ligand effects, which determine the asymmetry
among the neighbors’ energetics. The Ag-doped Cu provides
the optimal activity to C;—-C; and C;-C, coupling for C, and C;
production, respectively. FE, roponal Of 33 = 1% and a cathodic
energy conversion efficiency of 21% for CO-to-n-propanol con-
version are achieved.

3.2. Single atom effects

Single atom catalysts (SACs) featured by isolated metal atoms
distribution on various supports are effective in catalyzing the
CO,RR/CORR,**#3:1907198 que to their advantages of maximum
metal utilization, well-defined active sites, strong atom-support
interaction, suppressed HER, and outstanding catalytic activity.
In this section, we mainly focus on the representative M—-N-C
structured SACs,'**° which are mostly studied both experi-
mentally and theoretically.

Different metal elements (AL*** Mn,
Ni’111,198,206—210 Zn, Cu’211—216 Ga,217 Se, Rh, Ag’218,219 cd, In,220
Sn, Cs,”*' Bi, Ru,"'® La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu'®®) have been selected as metal centers (Fig. 3a),
among which, the typical Ni, Co, Ag SACs are highly selective to
CO production at ampere-level current density (Fig. 3c); Bi, In,
Zn, Ag and Sn SACs favor generating formate; while Cu SACs are
unique for hydrocarbon and multi-carbon formation. The typical
Ni-N, sites can enhance the adsorption energy of the key
intermediates (CO,* and COOH*),”” and afford abundant defec-
tive sites,>** assisted by the mesoporous architecture for fast
electron and mass transfer,>* boosting the CO,-to-CO conver-
sion. Interestingly, the NiN, sites proceed structural evolution
upon varying the thermal temperature (Fig. 3b).>** The shor-
tened Ni-N bonds in compressively strained NiN, sites produced
at 900 °C are intrinsically active and selective to CO, while the
NiN;j sites activated at higher temperature (1200 °C) exhibit not
only the optimal local structure but also superior CO activity and
selectivity to NiN,. Thus, a high FE¢o (>90%) and an industrial
Jjco (726 mA cm™?) are achieved in a flow cell. In comparison, the
square-pyramidal Ni-Nj site outperforms the planar Ni-N, site
for industrial-scale CO,-to-CO conversion,*” because of the
increased and decreased energy levels in d,. and d,,, orbitals,
respectively, which facilitate CO, activation, lower the energy
barrier and benefit CO desorption.

Apart from Ni SACs, Zn SAC**® and Co SAC>*® also contribute
to industrial-scale CO,-to-CO conversion, due to the COOH*
intermediate stabilization and HER suppression by the unsatu-
rated Zn-N; site with the electron-rich environment of Zn, and
the isolated CoN, sites, respectively. Introducing heteroatoms
such as S, P, F into the active sites is one of the main methods to
modulate the electronic structure.??” For instance, a series of
Co-S,N, , (x = 0, 1, 2, 3) SACs were designed by a thermal
replacement of coordinated N with S,*?® with Co-S;N; exhibit-
ing the balanced bindings to COOH*and CO¥, thus delivering
the optimal FEqo (>90%). This coordination tailoring provides
a rational approach to control the catalytic performance.

112,202-205
Co, ™™

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Single atom effects. (a) Summary of reported active elements in SACs for CO,RR/CORR at ampere current density. (b) Synthesis scheme of
Ni=N-C. Reproduced with permission.??* Copyright 2022, Royal Society of Chemistry. (c) Summary of reported FE by SACs (data from Tables S1
and S2, ESIT).

Increasing the metal loading in SACs is considered promising to Introducing another metal atom into SACs can effectively
enrich active sites, thus promoting the CO,RR. The high loading modify the electronic structure of the simple active sites and
Ni SAC (4.3 wt%) outperformed the low loading one (0.8 wt%) further improve the catalytic activity. The Ni-Fe DAC with
towards CO production at industrial-level current.**® neighboring Ni-N, and oversaturated Fe-N5; moieties>** and
A few studies are devoted to SACs for the industrial-scale Co-Cu hetero-diatomic pairs®*® facilitate CO, activation and
CORR."'®*” For instance, Cu atoms can be anchored on Ti;C,T, *COOH formation, due to the effective synergistic electronic
nanosheets for CO-to-C,, conversion.'”® The atomically dis- modification of the dual atom sites, thus promoting CO pro-
persed Cu-O; sites facilitate C-C coupling to form the key duction with almost unity selectivity at industrial current
*CO-CHO species and further lower the energy barrier of density.
the potential-determining step, thereby contributing to high
activity and selectivity for C,,. Cu can also support other single
atoms (Ni,**° Pd,*® Ag,>*! Au') for efficient CO-to-C,, conver- Regulating the morphology and structure is an alternative route
sion as well. to influence the CO,RR/CORR performance (Fig. 4a). Different
Apart from SAC, dual atom catalysts (DACs) are also effective morphologies have been engineered to enhance their catalytic

27,100,234-236 1) 20 (4 110097:222 ()

240,241
7 3D

3.3. Morphology and structure regulation

for CO,-to-CO, where the atom pairs cooperate to facilitate behaviors, such as nanoparticles,
*COOH formation and *CO desorption. For example, the nanowires,**° nanosheets,*”">*? needles,'*° cavities,
hydroxyl adsorbate-induced Ni dual-atom sites (Ni,NgOH) structure,>*>*** core-shell,****** hierarchical,®** nanospheres,*”

afford fast CO,RR kinetics,*® suppress the HER, and promote hollow spheres,>® accordion-like layered,>"” flower-like,**®

hydroxyl adsorption to generate the electron-rich active centres, nanotips,’”® nanocubes,"”® multi-shell,**° nanocages,*'* nano-

which favor CO, activation, lower the energy barrier for *COOH  ribbons,>*® arrays,>®" polygon facets,”>> snowflake-like,>>*
141,180

formation and facilitate *CO desorption. dendritic, nanorod/nanosheet  hierarchical,>®® and
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255

mesostructures.”” The well-established morphology results in interface, afforded fast CO, transfer and trapped compressed

efficient mass and electron transfer and active site exposure.”*
For example, electron and mass transfer can be facilitated by
developing a nanoporous Cu with 3D interconnected pores of 100-
200 nm in diameter,>*® hydrophobic porous Cu,O spheres with
varying pore sizes,””” and an ordered macroporous carbon skeleton
with mesoporous “wall” supported P modified Bi atomic site,>**
which promoted gas transfer across the electrode-electrolyte

6986 | Chem. Soc. Rev., 2025, 54, 6973-7016

CO, to construct abundant and stable triple-phase interfaces,
and facilitated CO diffusion, thus contributing to exceptional
production of C,, (x62% FE¢_, 653 mA cm ™2 Jc,)» 75.3% FE¢_,
and CO (>90% FEco, 414 mA cm™? jgo). Especially, to enrich
the concentration of the limited K'/H,O and facilitate water
uptake via electro-osmosis,"*® needle-array catalysts were
designed with intensified electric fields at the tips. This unique

This journal is © The Royal Society of Chemistry 2025
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interface overcomes the restricted K'/H,O migration in the
catholyte-free MEA for the CORR, where no aqueous electrolyte
is maintained to afford the three-phase interface formation. A
large current density of 2500 mA cm ™2 at a very low potential of
2.7 V was achieved.

By regulating the shape (confinement degree) and dimen-
sion of the confined space of the wrinkle structured Cu,**® the
CO,RR product selectivity can be alternated without varying the
intrinsic properties of Cu. The selectivity of CH, and EtOH was
affected by the shape, with favorable production on non-folded
and folded structures, respectively, while the C,H, selectivity
was dominantly influenced by dimension of geometry which
increased upon higher depth of wrinkle. This product selectiv-
ity difference came from the changes in structure induced local
PH and local intermediate confinement, where the non-folded
structure favors protonation while the folded structure favors
C-C coupling. For example, the Cu,O catalyst featuring a
nanosheet-stacked sphere architecture with abundant open
and deep conical cavities facilitates timely refreshing of active
sites in its depths®*® and the fast efflux of the product C,H,
with high local concentration from the elongated channels
within the cavity. This design outperforms the hollow Cu,O
sphere with single cavities and solid Cu,O spheres, exhibiting
maximum FEc  (81.7%) with jc (286 mA cm™?) and over
40.0% cathode power conversion efficiency.

Apart from morphology control, regulating the catalyst
structure (vacancy, grainy boundary, phase, facets, defects, lattice)
also boosts the CO,RR/CORR performances (Fig. 4a).>>'200-2%
Among which, the catalysts with regulated structure are highly
selective to C; species (CO, formate, Fig. 4b), followed by C,. ones
(C,H,, ethanol, propanol). To target the post-C-C coupling reac-
tion intermediates other than C-C coupling,*®” a series of core-
shell vacancy engineering catalysts were designed for efficient
CO,RR with sulfur atoms in the nanoparticle core and copper
vacancies in the shell for propanol and ethanol production. The
engineered catalysts, compared to Cu NPs, exhibited a 16-fold
larger alcohol-to-ethylene ratio, directing to alcohols other than
alkenes. Creating lithium vacancies (Vy;) in [CuO,] sites contrib-
uted to 90.6 + 7.6% FEc with 706 + 32 mA ecm™ jg, ,* as Vy;
shortens the distance between adjacent [CuO,] layers and
decreases the coordination number of Li" around each Cu, thus
promoting CO-CO coupling. Introducing interfacial oxygen vacan-
cies in neighboring Cu (Ov-Cu) pair sites promoted CO,-to-ethanol
conversion,**® realizing 48.5% FEcanor and 344 MA cmM™ > jethanol
in acid.

Exposing the selective crystal facets of electrocatalysts is a
potential approach to generate specific CO,RR products.*®®
In situ electrodeposition of copper during CO, reduction pre-
ferentially exposed Cu(100) facets,?”® due to the strong interac-
tions between the Cu(100) facets and CO,RR intermediates
such as CO,*, COOH*, CO*, H*. Using the Cu(100) facet rich
catalyst, high FE¢  (90%), jc, (520 mA cm™?), full-cell C,,
power conversion efficiency (37%), and stable C,H, selectivity
over 65 h at 350 mA cm ™~ are obtained in MEA. Ni doping into
the Cu(100) surface reduced the kinetic barrier of the ethanol
path via facilitating *H formation,**® achieving 86.1% FE¢_ and

This journal is © The Royal Society of Chemistry 2025
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60.8% FEc y, at 700 mA cm™2, and 54% FEcghanot and a 300-h
stability, respectively. The Cu(100)/Cu(111) interfaces afford a
favorable local electronic configuration to improve *CO adsorp-
tion and reduce C-C coupling energy barriers,””" surpassing
respective Cu(100) and Cu(111) surfaces. Therefore, efficient
CO,-to-Cy, conversion is facilitated with 74.9 + 1.7% FEg, at
300 mA cm .

Lattice engineering contributes significantly to producing
hydrocarbon/multi-carbon. Introducing lattice tension enhances
CO chemisorption on the Cu surface by mitigating the dipole-
dipole repulsion,””* which favors C-C coupling at high CO cov-
erages. A spindle-shaped copper with 4% lattice tension is highly
active and selective to multi-carbon olefins and oxygenates, exhib-
iting 1.0 A cm ™2 current density with 84% FE¢  at 2.4 V in MEA.
Similar tensile strain engineering is obtained by electro-reducing
CuO precursors with different crystallinity,>”> guiding Bi-MOF-TS
catalyst reconstruction to generate continuous vacancies and
activate more inert sites,"”*" and introducing tension strain hete-
atom dopants (Gd,'** Pd, Au, Ag,>”* Li'*). The former strategy
enables the co-adsorption of *CO and *OH in high concentrations
to promote *CO dimerization and suppresses the HER, resulting in
90.9% FEc,, and 486.1 mA em™? Jc,,- The second strategy intro-
duced weak tensile strain on the whole scale non-defective Bi sites,
which enhanced *OCHO adsorption and decreased the reaction
barrier, resulting in impressive jrormate (995 &= 93 mA cm™?) and
FEformate (96 £ 0.64). Gd doping into Cu,O promoted CO, activa-
tion, stabilized O*CCO and favored C-C coupling to give 81.4%
FEc, and 444.3 mA cm™? jc . The Ag doping into Cu outper-
formed Pd and Au with better ability to affect the d-band center of
Cu to stabilize *CO and facilitate C-C coupling, thus delivering
77.9% FEc, at 300 mA cm™ > In contrast, the regulated Cu(111)
lattice strain with 11.4% compression exhibited reduced surface
energies for lower C-C coupling reaction free energy,””> compared
to the pristine lattice and 10% compressed lattice, which promotes
spontaneous *O splitting after OC-CHO coupling and the *CCH
formation for C,H,.

Grain boundary (GB) engineering provides a powerful
approach to enhance the CO,RR/CORR performance. For exam-
ple, owing to the abundant GBs on Bi-based catalysts, the CO,
adsorption is promoted and CO,*” intermediate is stabilized,
leading to facilitated CO, activation and enhanced HCOOH
production (91.9% FEgcoon at 600 mA cm™2) in a flow cell,>”®
as well as ~97% FEycoon With ~450 mA em ™ jiycooy in an all-
solid-state CO,RR system.>”” Similarly, the abundant GBs on Cu
nanoribbons,**° developed by stacking tiny nanoparticles with
exposing Cu(111), Cu(200) and Cu(220) facets, enhanced CO,
activation and promoted *CO formation and adsorption, thus
promoting C-C coupling into *OCCO and *OCCOH and enhanc-
ing C,H, and other C,, species production. Introducing numer-
ous atomic Pb-concentrated GBs to Cu helps to stabilize
abundant low-coordinated Cu sites,””® which improved *CO
coverage, and created a structurally flexible Pb-Cu surface to
adaptively stabilize the key intermediates (*COCOH,
*COCOHCO, *COCCHy,), thus boosting CO-to-n-propanol con-
version with 47 & 3% FEpopanol With 25% EEp,¢ in a flow cell.
Especially, CO,/CO-assisted generation of GBs has been
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demonstrated effective in promoting CO adsorption and C-C
coupling for C,; species production. The GBs in perovskite
oxide-derived Cu induced by CO,-assisted La leaching helped
trapping in situ generated defective sites,>”” illustrating max-
imum FE¢, (80.3%) with over 400 mA cm™? jg, . Very recently,
the low-coordinated amorphous GB Cu defect sites exhibit
strong adsorption to *OH and CH,CHO* which facilitates
C-O breaking and producing C,H,,**° while the medium-
coordinated GB rich Cu presents weak *OH and CH,CHO*

View Article Online
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adsorption, favouring C,HsOH production through the proto-
nation on B-C of CH,CHO*. Therefore, high full-cell EEcthanol
(29%) and EEc y, (25.6%) were achieved, as well as 63.4 + 1.5%
FEc,j, at 12.5 A in a 25 cm” MEA.

3.4. Oxidation state alternation and oxide derived Cu modification

Manipulation of the oxidation states,**" especially copper spe-
cies (Cu’,*? cu’, Ccu’" state, Cu®*"), as one of the major
principles to tune the catalyst performance (Fig. 5a and b),

(a)

Cut/Cu’

~

Cud* (0< 5<1) Cu*/Cu?*

La-doped CuO Al-doped CuO OD Cu  Reconstructed Cu/Au
(b) - ~
100
_80 1, 4. SPVP-Cu %'
X 60 2, 22. OD-La, ;,-CuO, %2
W 40 3..CuCl, Cu*®
L 50 5, 14, 18. P-Cu,/Cu,OF 2
0 6. Cu,0-Cu? 3%
7. multi-grain Cu,0 3
8. Cu-Cul 3%
9, 12. CuO nanosheets "%
10. |,-added system *°'
11. Cu®*NCN 308
13. Cu,0/CN °
15. Cu®* Cu CF 58
I CH, 16-17. C-Cu,O NPs '
Co. 19. L-Cu,O-HC 312
m C.H, 20, 29-32. OD Cu "¢
21, 24. AEI OD Cu 3°
= :t:::t‘: qy 2.ClOA
25-28. N,SN/CuAu,,
ropance g 33. CuO/Au ®

Fig. 5 Regulated oxidation state and modified OD-Cu/CuO. (a) Summary of the regulated oxidation states and modified OD-Cu/CuO. (Reconstructed
Cu/Au, reproduced with permission.?®® Copyright 2024, American Chemical Society.) (b) Summary of the reported FE of the CO,RR/CORR products in

this section (data from Tables S1 and S2, ESI¥).
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has effects on the local electronic structure of materials. For
instance, sufficient polyvinyl pyrrolidone (PVP) capped Cu NPs
contributes to presence of complete Cu® species,*** while the
deficient PVP capped Cu NPs (DPVP-Cu) demonstrate an oxide
structure with face-centered cubic Cu and partial Cu,O species
in the inner and outer layer, respectively. The former favors CH,
production, displaying a 70% FEcy, at >200 mA cm >, while
the latter mainly converts CO, into C,, species (C,H,, C,H50H,
CH;COOH, and C;H,OH) with >80% FE¢_, at 300 mA cm™>.

The mixed Cu’/Cu® states facilitate CO adsorption and
benefit C-C coupling towards C,, species. The Cu*/Cu® interface
controlled by physically mixing Cu nanoparticles and Cul
powders,*®* or I, addition involved strategy**®> boosted CO,-to-
C,+ conversion with over 70% FE¢  at industrial-scale current
density. The Cu(1)/Cu(0) interfaces with an optimal electronic
structure, engineered by a fluoride-assisted pulse-sequence
method, play crucial roles in the CO,-to-ethnaol conversion.**®
The close Cu(0)-Cu(r) coupling promotes COH* formation and
directs the key intermediate OCCOH* toward ethanol, while the
Cu(y) sites afford CO to generate ethylene on the Cu(0) sites. This
coexistence of Cu’ and Cu’ during the CO,RR can also be
achieved by grain refining,®” fluoride-assisted pulse-sequence
method,>®¢ in situ electrochemical reduction of CuO nanosheet/
graphene oxide dot hybrids,**® co-feeding H,0 and CO, on the
Cu,0-Cu° interfaces,”® applying nitrogen-doped carbon (CN)
coating,>*® constructing a cyanamide-coordinated isolated cop-
per framework (Cu®*NCN) with both Cu® and Cu*,>*° modifica-
tion by pyroglutamic acid,>®" introducing Ag single atoms to
stabilize Cu® in Cu/Cu,0,** and constructing Ag/Cu*/Cu’
interfaces.""’

The Cu’" state (0 < & < 1) can be stabilized by surface
coordination via Cu(u) carboxylate,® doping with interstitial
carbon atoms,'®® modification by electron-withdrawing
molecule,”®? creating dynamically stable Cu°Cu®*®" OCa motifs
by insoluble carbonate,?** and developing the unique Pr-O-Cu
linkage in the stable oxide heterointerfaces.>®®> Attributed to
their roles of generating rich active sites, preserving stable tri-
phase interface, optimizing the *CO adsorption for its dimer-
ization, creating abundant unsaturated Cu-O bonds, alternat-
ing the Cu oxidation state to retain Cu’*, reducing the C-C
energy barrier, and alternating the binding strength and bind-
ing type of *CO, the CO,/CO-to-C,, conversion at industrial-
scale current densities is significantly boosted. These five
strategies result in 90.6% FE¢, with 453 mA cmfzjcy, 76.9%
FEc, with 615.2 mA cm ™2 j_, 89% FE¢  with 397 mAcem 2 jc_,
83.7% FE¢  with 393 mA ecm™ jc , and 71.3% FEc__ aicohols)
respectively. In addition, higher oxidated Cu*/Cu®" interfaces
demonstrated 81% FEc, at 900 mA cm™>.>%

Oxide-derived copper (OD-Cu) has been reported highly
selective to C,; production. However, various CuO, precursors
can lead to their reconstruction and product selectivity. Intro-
ducing new dopants is a favorable strategy to promote the
catalytic activity of OD-Cu. Incorporation of Al dopants to OD-
Cu induces CuO reconstruction into OD-Cu,*®” forming nano-
flakes, which affords high hydrophobicity and high electroche-
mically active surface area. The doped catalyst exhibits high

This journal is © The Royal Society of Chemistry 2025
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FEc,, (68.4%) and large jc, (478.7 mA cm™?), far surpassing
those of the undoped one, while La doping contributes to
alternating the phase composition of OD-La-CuO, and higher
*H concentrations,*** controlling the electron selectivity and
steering the CO,RR products. Differently, the intercalated I into
OD Cu boosts CO, and CO adsorption,**® during the CO,RR
process, the excess I release enhances the surface roughness,
while the remaining I regulates the chemical state of the
surface Cu. Therefore, the I modified OD Cu exhibited 79.5%
FEc, and 43.5% EEc  at 300 mA cm™”. Interestingly, when
introducing Au NPs during the CORR, CuO nanosheets in situ
transformed into undercoordinated Cu sites around Au NPs,>*?
which facilitate CO binding and stabilize C, species to n-
propanol. The Au directed Cu reconstruction contributes to
high FE,, propanol (~48.6%) and Jy propanol (800 mA cm?).

3.5. Modification with organic molecules

Modifying the catalyst surface using small molecules contri-
butes to significant improvement in the CO,RR/CORR perfor-
mance (Fig. 6a and b).**°?°" Apart from alternating the
oxidation state of surface copper,'*****3°% molecules such as
sodium citrate, AEL®® TBA', toluene, hexanethiol,*** n-
butylamine, PVDF, fluoric polymer, and hexaethynylbenzene
modulate the reaction microenvironment for C,. species pro-
duction. Among which, toluene with long-chain alkyl helps
increase the catalyst stability, block the water transport, and
build a hydrophobic interface to inhibit cathode corrosion.*’
The toluene-modified Cu nanosheets presented maximum
FEc,, (78%), jc, (1.81 A cm™), and cathodic EE, (42%), as
well as a 400-h stability, substantially superior to those of
pristine or stearic-acid-modified Cu. Adding a PVDF binder to
catalyst ink can enhance the interfacial *CO/*H coverage to
alternate the alcohol/alkene ratio from 0.69 to 1.35 with nota-
ble 37.5% FEqiconol at 800 mA ecm™2.%°* Fluoric polymers limit
the water wettability,’°® increase the *CO coverage, and
decrease the *COCOH formation energy induced by the elec-
tron withdrawing —CFj, thereby contributing to remarkable jc
(355.4 mA cm™?) and high FE¢  (71.08%). Hexaethynylbenzene
organic layers reduce the coordinated K-H,O coverage and
enhance the CO intermediate interaction with surface, thus
facilitating efficient C-C coupling and enhancing the C,.
yield.**”

The rate-determining step (RDS) of the CO-to-acetate con-
version can be alternated by thiols with optimal alkyl chains
(C1s and Cy,).>%° The nucleophilic S-intermediate interaction
facilitated the RDS (CO* to CHO*) by increasing the COpq) sp’
hybridization. The ligands stabilized the HOOC-CH,* intermedi-
ate, thus directing the CORR to acetate. Another interesting
example focuses on Ag crystal-triazole with dynamically reversible
transformation between adsorbed triazole and adsorbed triazolyl
on Ag(111) during the CO,RR,*'® included by the strong metal-
ligand conjugation, presented a 98% FEco with 802.5 mA cm™ >
Jco- The dynamic metal-ligand coordination promotes CO, pro-
tonation and branches this rate-determining step to the C-OH
breakage in adsorbed COOH.
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The organic molecule coating layer, such as polyaniline,*"?
N-aryl-substituted tetrahydro-bipyridine and a related oligo-
meric film,*'® and poly(2-aminoazulene)*"” can stabilize the
key intermediate *CO and enrich the *CO intermediates on
active Cu sites, thus facilitating C-C coupling to C,, species.
Meanwhile *CHO stabilized by hydrogen bonding can be
achieved by N-H-rich molecules (3,5-diamino-1,2,4-triazole
(DAT)), pyroglutamic acid (Pyr), tannic acid, Vitamin C, and
CgF15. Among which, DAT steers the CO,RR selectivity from C,,
in acid to C;.>'® The Pyr modified Cu" sites are reconstruction-
resistant,”®' while the unmodified regions transformed into
Cu, creating stable Cu*/Cu’ interfaces to lower the C-C cou-
pling energy barrier. Similar effects are obtained by tannic acid
but with the hydroxyl species in molecules to stabilize Cu®*
towards ethylene.*'’ The modified Cu presented excellent
FEc 1, (63.6%) and jc g1, (497.2 mA cm™?) in a flow cell. Vitamin C
affords strong hydrogen bonding to afford favorable electron and
proton transfer for *CO formation and dimerization for ethylene

6990 | Chem. Soc. Rev, 2025, 54, 6973-7016

production,®'® achieving 60.7% FEc y, and 539 mA cm ™ jc p .
The 1-ethyl-3-methylimidazolium modification®*® improved the
adsorption of multi-site *CO,/*CO-related intermediates on Mo
sites, leading to C3Hg production at jo u, 395 mA cm™? with an
FE¢,p, 0f 91% at —0.8 V vs. RHE.

Engineering the catalyst with organic molecules leads to
structure modulation, such as defects, edge sites, and facets. By
introducing an antioxidant passivation layer (oxyphilic ascorbic
acid vitamin C, VC) to prevent the defective Bi sites from OH
poisoning,*'? the modified Bi,S; (BS) nanowires exhibited
ultrastability of 120 h for CO,-to-formate conversion and high
formate production at ampere current density. This excellent
performance originates from the VC molecules which isolate
OH™ and defective Bi sites, while the VC layer traps OH™ to
stabilize the defective sites. The poly(methacrylic acid) ligand
in situ transformed into a carbon shell under CO,RR conditions
to confine and limit the Bi-BiO, nanodots growth,**° preser-
ving abundant active edge sites for formate production.

This journal is © The Royal Society of Chemistry 2025
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Besides, the carboxyl group in a ligand maintained on nanodots
works as oxygen donors to Bi-BiO,, responsible for formate
selectivity at high reaction rates up to 1 A cm 2 Similar
confinement effects and seeding-growth manipulation can be
achieved by the MOF overlayer to encapsulate Cu,O preserving
the valence state and crystalline (200) for *CO-*COH coupling,**?
and leveraging the synchronous leaching of ligand tannic acid
during CO,RR reconstruction and exposing favorable (100) facets
to enrich *CO and facilitate *CO dimerization.>”"

Mass transfer can be alternated by porous organic cages,'*?
and 2D sulfonated COF nanosheet based ionomers.>”" They
promoted CO, transfer, accumulated CO, and K' near the
catalyst surface, enhanced *CO coverage, and facilitated H,O
dissociation, and incorporating an oppositely charged anionic
ionomer (perfluorinated sulfonic acid, PFSA) into a cationic COF
on a Cu surface to release the hidden positive charge within the
COF** facilitated gas transfer and enhanced K" immobilization
which impede both outward and inward migration of generated
OH ™ and cations. Meanwhile a local proton-transport promoter,***
developed by hybridizing Cu catalytic sites with proton hopping
sites from dual-conductive polypyrrole, modifies the Cu surface for
extraordinary CO,-t0-C,. performance (FEc,, 80.0% at 700 mA cm™?).
Where the protons transfer via the Grotthuss mechanism, and
proton conductivity is up to the formation and breakage of the
hydrogen bond (“-HN"---H N°H-” to “-HN' H---N’H-") at the
hopping site. The proton availability can also be controlled by tuning
molecule electrophilicity on Cu to steer the CO,RR selectivity.>** 1,2-
Bis(4-pyridyl)ethane with low electrophilicity promotes proton trans-
fer towards *CO hydrogenation and further to CH, (58.2% FEcy),
while trans-1,2-bis(4-pyridyl)ethylene with high electrophilicity exhi-
bits stronger hydrogen binding to stabilize *CO and further dimer-
ization into C,H, with 65.9% FE.

Alkaline ionic liquids on Cu play multiple roles of a CO,
concentrator,"® an adsorbed CO, activator, an intermediate stabi-
lizer, and a CO dimerization promoter for C,; production. High
FE,, (81.4%) at 900 mA cm ™ > and 47.4% half-cell EE at —0.76 V vs.
RHE are achieved, as well as 71.6% FE¢, at 1.8 A cm >, Poly(ionic
liquids) (PILs) can be confined into Cu for acidic CO,RR perfor-
mance (83.1% FEc,, at =700 mA cm™?, 37.6% EE¢ ),*** due to the
abundant semi-rigid porous structure and dense cationic-anionic
network to afford a moderate local alkaline microenvironment
and enrich K" at the active sites. Regulating the functionality and
morphology of PILs directs the CO,RR pathway via different C-C
coupling at high reaction rates, while the PIL adlayer on the Cu
surface boosts the CO,-to-C,, conversion at ampere-level current
density and low K" concentration (1 M),"*® delivering 82.2% and
75.8% FEc, at 1 and 1.5 A cm 2, respectively. This excellent
performance originated from the PIL layer for inhibited proton
diffusion to the catalyst surface, enriched K, and facilitated C-C
coupling. Hydrophobic ionic liquid (HIL) modification on oxide
derived Cu also demonstrated prominent C,, production with
85.1% FE¢, at 800 mA cm™ %, maximum ji , of 779 mA cm ™2, and
an impressive formation rate (2512 pmol h™* em™?),% attributed
to the formation of the most stable adsorption site and COaop
dimerization, increased *CO coverage, and enlarged electroche-
mical surface charge by the HIL, thus promoting the CO,RR.

This journal is © The Royal Society of Chemistry 2025
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3.6. Tandem catalyst design

Tandem CO, reduction, with integration of cascade CO,-to-CO
and CO-to-C,, in series on two distinct but complementary
catalysts, is effective in circumventing the linear scaling rela-
tionship limitations, improves the *CO coverage for C-C cou-
pling, thus enhancing C,, species production.*”>**® Tandem
CO, reduction enables high current density operation. Besides,
tandem catalysts, compared to traditional catalysts, are more
thermodynamically and kinetically favorable, which enhanced
the catalytic efficiency. Cu-based tandem catalysts contributed
to improved FE and current density for the CO,RR by optimiz-
ing the reduction pathway. Additionally, changes in local
environments (intensified active sites, enriched local CO,
retained pH, and led to synergistic effects of different elements
in a tandem system) also improve the CO,-to-C,, conversion.
The keys of catalysts/electrodes design for tandem CO,
reduction should confirm efficient CO transport, balance the
CO production and utilization, and match the overpotential of
CO generation and C,, production. Ag, Au and Zn were intro-
duced to Cu and formed a tandem catalyst, which facilitates
CO,-to-CO conversion, enriches CO on the Cu surface and
promotes C-C coupling. Due to the high activity in CO genera-
tion, Ag is mostly used as a component in tandem catalysts
from economic perspective, although its CO selectivity is lower
than Au selectivity. Three kinds of Ag-Cu Janus nanostructures
with (100) facets (JNS-100) are highly selective to CO,-to-C,.
conversion (Fig. 7a),>*” especially, Aggs—Cuzs JNS-100 produced
54% FE¢ y, and 72% FEc_, attributed to its suitable electronic
structure by the optimal Ag/Cu ratio and the tandem effect by
CO spillover (Fig. 7b). The tandem electrode of sputtered Ag
nanoparticle layers on hydrophobic polytetrafluoroethylene
(PTFE) and N-doped carbon(NC)-modified Cu nanowire arrays
exhibits a hierarchical configuration,’® where CO is generated
on the Ag layer and spills over and transports to the NC-
modified Cu layer, and the Cu/NC interfaces are responsible
for *CO trapping and adsorption (Fig. 7c). The optimal electrode
exhibited 53.5% FEcy, and 87.5% FEg  at 519.0 mA cm 2,
respectively, as well as a high C,,/C; ratio of 10.42 and 50-h
stability. The segmented Cu/Ag s-GDE tandem catalyst also
achieved well management of *CO by the Ag layer, increased
CO utilization and jc,.'*® Similar to Ag, Au attracts much
interest for its high CO selectivity, which weakens CO, bonds
and boosts the CO intermediate formation. Bimetallic CuAu
tandem catalysts have exhibited excellent CO,RR performance
with Au and Cu facilitating CO production and subsequent C-C
coupling, respectively. For example, the deposited Au nano-
particles on Cu foil enhanced the CO concentration on Cu
and facilitated C-C coupling,®*® while the Au@Cu core-shell
with different Cu shell thicknesses only produced hydrocarbons
or formate,**® indicating the effects of arrangements of the
catalyst components on CO,RR products. It is quite challenging
to retain highly active tandem sites due to the potentiodynamic
structural evolution, to mediate this issue, self-reducing ions
(iodate) that leverage the dissolved iodate self-reduction were
deployed to achieve directional reconstruction of the tandem
catalyst."*® The CuO/AgIO; tandem catalyst presents rapid
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iodate ion dissolution during the CO,RR to generate defective
Ag. The dissolved iodate self-reduction drags the CuO recon-
struction rate and directs transformation into Cu(100) (Fig. 7d).
The defective Ag with asymmetric charge distribution promotes
*COOH formation and enriches local CO for C-C coupling
on Cu(100). Therefore, the reconstructed tandem catalyst
demonstrates 82% FEc, at 1.2 A cm 2 and maximum Je,,
(1024 mA em™?) in strong acid.

Although bimetallic tandem systems of Cu and other metals
(Ag, Au) have been extensively studied, these catalysts suffer

6992 | Chem. Soc. Rev., 2025, 54, 6973-7016

from the changes in the composition and morphology during
the CO,RR/CORR process, altering their physical and electronic
properties and further complicating the understanding of the
catalytic mechanism and dragging the catalyst development. In
this regard, significant efforts have been devoted to designing
tandem catalysts that use CO-selective molecular catalysts®*°
and SACs.**! For example, coupling CoPc on Cu GDE enabled
high *CO coverage and enriched *COy,, reducing the energy
barrier for OCCO formation.**> This tandem catalyst gave a 1.8-
time higher FE¢  (82% FE,, at 480 mA cm ™) than the Cu GDE.

This journal is © The Royal Society of Chemistry 2025
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Similarly, the tandem catalyst consisting of CuO and Ni SACs
exhibited superior FE¢, (81.4%), FEc,u, (54.1%) and signifi-
cantly high jo  (1220.8 mA cm™?),>! attributed to the unique co-
loaded nanostructures which realizes the vicinity of the two
catalyst units. The developed tandem catalyst not only achieves
efficient cascade CO,-CO-C,, conversion, but also integrates
the merits of Ni SAC which in situ produced CO and its fast
consumption, guiding the way of tandem catalysts for large-
scale synthesis of C,,. Moreover, the CO-producing Fe-N-C SAC
layer segment locates at the inlet to prolong the CO residence
time in the C,,-selective Cu catalyst layer,"*> contributing to
90% FE¢, and jc, over 1 A cm™>. Instead of working as the
CO-formation catalyst, the Ni-N-C catalyst in the tandem
system mainly modulates the local pH near the Cu catalyst,
contributing to the maximum FE¢,, (68% =+ 5%) and jc , (356 +
18 mA cm ™ ?) in acid.**?

4. Principles of mass transport
manipulation for the CO,RR/CORR at
ampere-level current

Much effort has been devoted to constructing highly selective and
active catalysts for decades. However, satisfactory performance
was only observed at low current density due to the increased
mass transfer of reactants and products at higher current.
Although high CO,RR/CORR selectivity based on micro-design
of catalysts modulates the active sites’ amount for the target
product, the industrial-level CO,/CO electrolysis focuses more on
mass transfer promotion. Engineering the electrode and electro-
lyzer presents an important principle to facilitate efficient mass
transport for improving CO,RR/CORR at ampere current.®**
Significant progress has been achieved in developing novel
electrodes and optimizing electrolysis systems. In this section,
principles of mass transport manipulation by electrode/electro-
lyzer engineering will be discussed.

4.1. Electrode engineering

4.1.1. Porous micro-structured GDEs. Beyond the efficient
active sites, fast mass transfer is also crucial for catalyst/electrode
design for the CO,RR/CORR, which can be achieved via porous
GDE design to expose abundant active sites (Fig. 8a and b). To
overcome the slow CO, diffusion in acid, the GDE structure is
optimized by deploying a copper-based ultrathin superhydropho-
bic macroporous layer,'*> where the CO, transfer is significantly
enhanced and high FE¢  (87%) with 1.6 Acm ™2 ji; was achieved.

Enhanced charge transfer and intrinsic catalytic activity can
be facilitated by using conductive substrates such as carbon
nanotubes.?”>**® Derived from the hierarchically structured
Ni-imidazolate coordination polymer,?**> the hierarchical
nanostructured Ni-SACs exhibited flower-like micro-structures
assembled from nanoribbons, which converted into hierarchi-
cal nanocomposites after introducing the multi-functional sub-
strate CNTs. The substrate helps to establish nanostructured
N-doped carbon with large surface pores for fast etchant diffu-
sion to remove Ni NPs, while the high-density Ni single atom

This journal is © The Royal Society of Chemistry 2025
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sites within the hierarchical structures have facile access to
CO,, thereby maximizing the active site utilization at ultra-high
current densities.

To reveal the mass transfer-performance relationship, our
group>®? designed a Fe SAC with a highly ordered porous
structure involving hierarchical micropores, mesopores, and
macropores, which effectively facilitates mass transfer to Fe atom
sites, thus contributing to excellent CO,RR performance. The
large mesopores afford strong CO, diffusion ability inside the
porous structured catalyst, constructing a favorable CO, concen-
trated environment for CO production. Applying porous or 3D
supports facilitates smooth CO, transfer, such as an inter-
connected mesoporous carbon nanofiber and carbon nanosheet
network (IPCF@CS),**° the hollow Br/N co-doped carbon
nanocages,”* and the unique house-of-cards structured scaffolds
derived from MgAl LDH,® hierarchical supports,*** mesoporous
carbon,**® poriferous 3D frameworks,'"* and 3D interconnected
ligament-channel networks.**' Among these, the IPCF@CS struc-
ture exhibited highly mesoporous IPCF to hinder CS stacking,
affording additional completely exposed sites and abundant
bicontinuous mesochannels of IPCF to ensure efficient CO,
transfer. The unique configuration maximized the utilization of
active sites and enriched the local CO, concentration.

Nanoscale management of CO transport for CO,-to-C,, conver-
sion can be achieved via a 3D tandem catalyst electrode design
such as anchoring CO-formation Ag NPs on Cu nanoneedles.**
This configuration was effective in prolonging the CO diffusion
path length to enhance CO utilization, thus leading to 70% FE¢
and 350 mA cm ™ ji_in a flow cell.

An efficient formate-selective Bi catalyst-GDE, hierarchical
Bi (HS2-Bi), was constructed,*” characteristic of a hierarchical
nanostructure with an amorphous shell and a high-curvature.
The amorphous layer (8-15 nm) not only boosted the kinetics
for CO, adsorption/activation and reduced the formation
energy barrier for *OCHO, but also improved the electric-
thermal field and K' adsorption, hence accelerating CO,
reduction to formate. As a result, maximum Jjiormate
(677.7 mA cm ) and over 94% formate selectivity were
achieved by HS2-Bi, significantly outperforming the hierarchi-
cal structured sample without the amorphous layer. Similar K*
enrichment has been demonstrated by the carbon coated tip-
like In,O; for efficient CO,-to-HCOOH conversion.**?

Hollow fiber penetration electrodes (HFPEs) featuring
oriented mass transfer, favorable triple phase formation, and
facilitated desorption of adsorbed species contributed to CO,/CO
electrolysis at ultra-high reaction rates over 1 A cm ™2, such as the
Ag-HFPE' ™ and Zn HPE** for CO,to-CO conversion, Bi
HFPEs,””** $n0,@Ni HF,*** chlorine-doped SnO, nanoflowers
on 3D Ni HFPEs>*® for CO,-to-formate conversion, La(OH);@Cu
HPE for CO,-to-ethanol®’ Cu HFPEs for COyto-C,.
conversion®®148348349 and  CO-to-C,, conversion,’®**® respec-
tively. Especially, the hierarchical micro/nanostructured Ag
hollow fiber exhibited 90.3% FEco with 3.2 A em™? jeo.'*® By
optimizing the K'/H' concentration and CO, flow rate, the
tensile-strained Cu nanosheet layer-coated Cu HPE exhibited
84.5% FEc_, 3.1 A cm ™ jc_, and 240-h ultrastability in acid.'*®
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Different from the above mentioned GDL-based GDE
(Fig. 8c) and HFPE, hydrophobic PTFE with sputtered Cu (Cu/
PTFE) has also been used to support catalysts for CO,RR/CORR
(Fig. 8d), due to the construction of a favorable hydrophobic
microenvironment and robust interface against flooding at
high current densities. Assisted by Cu/PTFE,*° the Pd-modified
GDE exhibited a high FE;, (89 + 4%) and single-pass carbon
efficiency (SPCE, 60 + 2%) at 500 mA cm™ > in acid. Some other
Cu/PTFE based GDEs also demonstrated their potential for
industrial-scale CO,/CO electrolysis,'*!87:3517356

4.1.2. GDEs with controllable thickness and porosity. Tai-
loring the thickness of the catalyst layer (CL) promotes the
transfer of CO, and the electrolyte simultaneously to reach
the catalyst surface and further participate in the CO,RR.>*°
The electrolyte submerges the catalyst easily when the catalyst

6994 | Chem. Soc. Rev, 2025, 54, 6973-7016

layer is too thin, making it challenging for gas to enter, while
the too thick catalyst layer blocks gas penetration to the
catalyst. Therefore, modulating the proper CL thickness helps
to construct a balanced gas-liquid diffusion electrode for
efficient mass transfer. For instance, the CuONPs-1.7/GDE with
1.7 mg cm 2 catalyst loading, compared to CuNPs-0.34/GDE
and CuONPs-3.1/GDE, exhibited proper three-phase interface
thickness,"> thus contributing to a record jc, (1.7 A cm™?) in
neutral electrolytes. Besides, FEc, increased with higher
total current density below 2 A em™? with a maximum value
of 76% at 1.6 A cm > Similar CL thickness effects have
been demonstrated by controlling the MOF thickness to encap-
sulate copper oxides for CO,to-C,H, conversion,®? and
the ~12 nm one exhibited a maximal FE¢,y, of 54 + 2% at
500 mA cm .

This journal is © The Royal Society of Chemistry 2025
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Alternating the porosity and thickness of the microporous
layer (MPL) in GDEs is one of the major principles to control
the mass transport for CO-to-acetate conversion. Our group
optimized the GDE configuration to maximize the CO transfer
through GDLs to the catalyst surface and further reduction at the
solid-liquid-gas triple phase boundary." By depositing different
carbon black (CB) loadings of 1, 2, and 3 mg cm ™~ into MPL, the
2 mg cm™ > CB exhibits the best activity and selectivity to acetate
production, attributed to its suitable porosity and thickness, with
optimal porosity and thickness favoring efficient mass transfer to
boost the CORR. In addition, the 2 mg cm > CB affords a strong
support for the catalyst layer, confirmed by the low penetration of
the catalyst layer within the GDL but good penetration within
the MPL.

Regulating the pore size distribution of the MPL and the
hydrophobicity of carbon fiber substrates (CFSs) has also been
confirmed as effective in promoting the mass transfer of electron
transfer, CO,, and water,*”” thus favoring the C,, production. The
hydrophobicity modification is effective in regulating the local
CO, concentration and *H coverage by controlling the thickness
of the localized water layer between the MPL and CL, which
contributes to enhanced current density and ethylene selectivity.
The optimal Cu-based GDEs presented respective 10% and 30%
PTFE in CFS and MPL, and numerous 30-150 nm pores, con-
tributing to jeylene (697 MA ecm™?), jc (885 mA ecm ™), and jioal
(1.36 A cm ™ ?) at —1.44 V vs. RHE.

4.1.3. Molecule/polymer engineered GDEs. Engineering
the electrode-electrolyte interface for fast mass transport benefits
the CO,RR at ultrahigh current density (Fig. 9a and b). Improved
cation transfer has been demonstrated by ion-polymer**® and
cation-augmenting layer (CAL)"> modification. The ion-polymer-
modified GDE was designed to improve the proton transfer
during CO, electrolysis.**® GDE-cationic Nafion outperfor-
med that with non-ionic PTFE and anionic FAA in multi-
carbon production, exhibiting a remarkable FE¢, of 75.2% at
1.16 A cm™ 2. Nafion affords proton shuttle -SO; ™ to react with
the local proton donors of H;0" and HCO;~, with the latter donor
working as a proton pool near the reaction environment to break
the diffusion limit. The CAL, namely the cationic perfluorosulfo-
nic acid (PFSA) ionomer with tetrafluoroethylene and sulfonyl
fluoride vinyl ether,'* affords efficient cation (H" and K*) transfer
from the electrolyte to catalyst surface and meanwhile reducing
OH™ diffusion out, which results in higher surface pH to promote
C-C coupling. The acidic-SO;H group in the polymer tends to
exchange K" from the bulk electrolyte with its protons, maintain-
ing highly concentrated K" at the catalyst surface, which further
improves CO, activation for efficient CO, reduction in acid. The
CAL-modified Cu, compared to bare Cu, exhibited higher FE¢ y,
(13%) but much lower FEcy, (<1%) at 400 mA cm ™2, due to the
electrostatic interactions between cation species (K') and the
electric dipole of specific adsorbates.

Wettability control for a favorable CO,RR/CORR microenviron-
ment can be achieved by applying PT coating,’® alkanethiols,**°
polymer binders,**" and PTFE NPs.>*® The thin PT coatings on Cu
GDEs alternate the local H,O/CO, concentrations,*® attributed to
its hydrophobicity, low water-uptake ability, high porosity and gas
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permeability for efficient mass transfer. As a result, the modified
GDEs presented a high FEg  (>87%) at 2 A em ™2, EEcathode OVEr
50% because of the substantially reduced cathodic potential, and
long-term stability (>150 h at 200 mA cm 2,10 h at 1 A cm™ %) due
to the robust reaction interface. Meanwhile the alkanethiol coat-
ings with different alkyl chain lengths can block water absorption
and facilitate CO, transfer,* thus alternating the H,O/CO, trans-
fer to modulate the local H,O/CO, concentrations. The optimal
equilibrium of kinetic-controlled *CO/*H affects the CO,RR to
ethylene and ethanol pathways. By changing the hydrophilic
interface to superhydrophobic one, there exists limitations
of insufficient supply of *CO to that of *H. The ethanol to
ethylene ratio is alternated from 0.9 to 1.92 with remarkable
FEcthannot (53.7%) and FEc , (86.1%), respectively. Additionally,
a multifunctional conductive polymer, polyaniline modified by
p-aminobenzenesulfonic acid (ABSA-PANI),***> was deployed to
construct an ideal microenvironment for CO,-to-C,, conversion
and meanwhile improving the charge transfer and ion transport
of K'/H"/OH . Therefore, the CO,RR kinetics was boosted in
acids, giving 81% FE¢,, at 600 mA cm 2. The conductive ABSA-
PANI decreased the electrode ohmic resistance, resulting in low
overpotential and enhanced cathode energy efficiency.

Introducing polymer binders plays crucial roles in facilitating
CO, mass transfer and meanwhile mitigating the competitive
HER. Different hydrophilic polymers (polyacrylic acid (PAA),
Nafion, and fluorinated ethylene propylene (FEP)) as binders
are deployed for Cu to modulate the CO, accessibility relative
to H,O at the catalyst vicinity.>**" FEP with hydrophobic (aero-
philic) properties prefers to decrease the local H,O concentration
and enrich the reactant (CO,) and intermediate (CO) concen-
tration, while the PAA binder renders a highly hydrophilic
electrode surface, which hinders CO, access to the catalyst sur-
face. High FE¢, (x77%) and jc, (>600 mA cm™?) at —0.76 V vs.
RHE are obtained. Directly introducing hydrophobic PTFE NPs
into the Bi-based catalyst layer (CL) can also tune the microenvir-
onment for enhanced CO, electrolysis.>*® A moderate hydropho-
bicity facilitates the balance between the CO, gas and the liquid
electrolyte inside the CL (Fig. 9c), accelerating CO, mass transfer
by reducing the diffusion layer thickness. Therefore, the PTFE
modified GDE approached high Jacetae (677 mA ecm ™ ?) and 35%
single-pass CO, conversion at —0.7 V vs. RHE.

Tailoring water and hydroxide transfer at a quasi-two-phase
interface of MEA helps to boost CO-to-C,, conversion. The CuO-
ionomer structure assembled into a MEA helps to uncover the
water/hydroxide transfer-performance relationship.*® Attractively,
a remarkable FEc  (>90%) and low cell voltage (2.4 V) at
1000 mA cm 2 are achieved by using the CuO-Nafion configu-
ration, due to the optimized H,O and OH" transfers. Compared
with flow cells where the CORR happens at the catalyst-CO-
catholyte three-phase interface and catholyte flow excludes the
possible transfer of H,O and OH™~, MEA presents limited water
supply by humidified CO and membrane crossover. When the
supply and consumption of H,O approach an equilibrium with
increasing current, the cathodic reductions prefer to occur at the
catalysts-CO quasi-two-phase interface with water vapor existence
and the polymer membrane as a solid electrolyte. Therefore,
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applying sufficient H,O transport from the anolyte through the
membrane to the dry cathode is vital to proton donation for CO
reduction and oppositely moves the in situ-generated OH . The
OH™ migration is accompanied by solvated H,O, which leads to
lower water content near the cathode, especially at high reaction
rates. The interfacial water activity can be enhanced by using anion
ionomers,*®® which decrease the near-electrode local concentration
of K' (via Donnan exclusion), favoring ethanol production over
acetate. Remarkable FEemanor (42.5%) and FEucono (55.1%) at
700 mA cm™ > were obtained, with jemanol and Jaiconol approaching
698 and 942 mA cm™ > at 2000 mA cm™ >, respectively.

By stabilizing the key intermediates via the surface-intermediate
interaction, cationic Gemini surfactant modification on the catalyst
surface effectively boosts the CO,RR.>** Combination of the
double quaternary ammonium cations and alkyl chains of the
Gemini surfactants facilitates *CO enrichment on the surface and
HCOO* stabilization and affords facile availability to CO,, pro-
moting CO, reduction. The modified Cu exhibits 96% FE¢;mate
and 71% energy efficiency (EE), and the modified commercial
Bi,O; nanosheets present a high FEgymae Up to 91% at
510 mA cm 2. Similarly, 4-dimethylaminopyridine (DMAP) works
as a molecular-additive to functionalize Cu GDEs for enhancing
*CO on the Cu surface,>®* due to its hydrogen bonding inter-
action with *COOH. The *CO coverage improvement on GDEs
can also be realized by applying dodecanethiol®®® and aromatic
heterocycles,>***°® due to the thiol-stabilized Cu(100) and active
Cu site stabilization by the electron-withdrawing molecule,
respectively, thus boosting the production of C,, species, while
polyethylene glycol on the Cu GDE results in Nafion relaxation,**”
which affords facile availability of active sites, enhances the *CO
and *OH adsorption, and reduces the active hydrogen species,
thus promoting C-C coupling and inhibiting the HER.

Sandwiched polymers contribute to high-rate CO,/CO-to-C,.
conversion.**’?*® The inserted MOF-induced organic layers in
GDEs with a catalyst:MOFs:hydrophobic substrate configuration
enriched the local CO, concentration near the active Cu sites,***
favoring ethylene production. While the sandwiched chitosan
(CS) layer works as a “transition layer” between the Cu catalyst
and the GDL,**® the developed 3D Cu-CS-GDL presented a highly
interconnected network to induce the 3D Cu film growth, which
facilitates fast electron transfer and overcomes mass diffusion
limitations during CO, electrolysis. As a result, 88.2% FE¢, with
900 mA cm ™2 current density at —0.87 V was achieved, including
51.4% FEc,, alcohols With 462.6 mA ecm™ ¢, aiconols Apart from the
sandwiched polymer, a nanoconfined ionomer was deployed to
develop GDEs with uniform ionomer distribution for improving
the local mass transfer at the active centers,**® boosting CO,-to-
CO conversion. This nanoconfined ionomer not only ensures the
CO,RR happening at the active sites and facilitates ion transfer
within the CL, but also renders more average distributions of
pores on GDEs and prevents ionomer accumulations to avoid
high local mass transfer resistance. Therefore, the optimal GDE
presented over 90% FEqo at a wide current density range and
ultrastability over 220 h.

Ionically conductive bifunctional ionomers benefit the CO,
activation at the catalyst-electrolyte interface and promote

This journal is © The Royal Society of Chemistry 2025
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ethylene production while operating the pure-water fed
MEA.*”° Specifically, the quaternary ammonia poly(ether ether
ketone) (QAPEEK) contributed to industrial-scale je¢nyiene
(420 mA cm 2 at 3.54 V), and jioea Up to 1000 mA cm > at 3.73 V.

Constructing heterojunctions benefits efficient mass trans-
fer for the CO,RR at ampere-level current density.’”' For
example, the superfine ionomer layer in the catalyst:ionomer
bulk heterojunction (CIBH) architecture exhibits both hydro-
phobic and hydrophilic properties to extend gas and ion trans-
port from tens of nanometers to the micrometer scale."” The
ionomer intersperses sulfonate-lined paths for the H,O and
fluorocarbon channels for CO,, decoupling gas, ion, and elec-
tron transport. The constructed CIBH is composed of Cu NPs
blended with perfluorinated sulfonic acid, which was spray-
coated on a porous PTFE/Cu/ionomer (CIPH) GDE to generate a
3D architecture with metal and ionomer percolation paths.
Assisted by this CIBH, an impressive jeyiene (1.3 A cm™?) with
45% EEcathodic Was achieved in 7 M KOH. Another polymer/
catalyst/ionomer heterojunction,?”?> (perfluorosulfonic acid)
PFSA@Cu/PTFE electrode, was designed by combining hydro-
phobic and highly charged hydrophilic domains to diminish
the impurity (SO,) mass transfer to the Cu surface and facilitate
unimpeded CO, transport, respectively. The SO,-tolerant elec-
trode achieved high FE¢_ (84%), jc,, (790 mA em ™ ?), and EE¢
(~25%). The COF:PFSA heterojunction is effective in suppres-
sing the HER and promoting CO,-to-C,, conversion in acid.**
The imine and carbonyl-modified COF modulates the ionomer
structure to generate homogeneously distributed cation-
carrying and hydrophilic-hydrophobic nanochannels to con-
fine proton transport and enrich K'. This regulated proton flux
and cation distribution constructs a favorable local environ-
ment for the CO,RR.

4.2. Electrolyzer design and optimization

Normally, H-cells are deployed to rapidly screen the desired
catalyst for CO,RR/CORR, because of their low cost, facile assem-
bly and operation.*® Typically, H-cell consists of two independent
cathodic and anodic chambers separated by ion-exchange mem-
branes, using a reference electrode and an aqueous electrolyte.
The disadvantages of H-cells include low CO,/CO solubility,
limited mass transfer, a restricted jiom (<100 mA cm %) and
electrode area, which make it challenging to meet the require-
ments of industrial CO,RR/CORR applications, especially at
ampere-level current. These issues can be addressed by applying
the GDEs with GDLs to afford gas mass transfer directly to the
cathode to improve the mass transfer and reaction rates.

Flow cells with applying GDEs are widely investigated for
CO,RR/CORR at ampere-scale current (Fig. 10a). CO, is sup-
plied directly to the cathode where the catholyte is circulated,
leading to much faster mass diffusion and production rates than
H-cells. In the anode side, the anolyte is also circulated for the
oxygen evolution reaction. Circulation of electrolytes helps to
balance the pH variation and attain a stable concentration.
Therefore, flow cells contribute to better electrochemical perfor-
mance than H-cells, due to the enhanced CO, transfer, sup-
pressed HER, and the constructed local gas-electrolyte—catalyst
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Nature. (d) Illustration of a solid electrolyte cell.

triple-interface.®”*7337* Different from the traditional flow cell, a
novel configuration was proposed,®”® which uses a filter press reactor
in a continuous mode, with a Sustainion membrane for formate
transfer from the cathodic to anodic component, and operating at
600 mA cm™> on Bi-based catalysts. This reactor afforded high
FEformate (73.7%) and production rate (22.9 mmol m > s ),
demonstrating its potential for practical applications.

MEA as the zero-gap cell is another type of electrolyzer to
enhance mass transfer for efficient CO,/CO electrolysis
(Fig. 10b), which eliminates the catholyte flow channel in
flow cells, with two electrodes pressed together and separated by

6998 | Chem. Soc. Rev,, 2025, 54, 6973-7016

ion-exchange membranes. Compared to flow cells, the MEA
configuration exhibits significantly decreased resistance for
mass transfer and electron transfer, thereby boosting the energy
efficiency.’””

Many works have been devoted to the MEA-based CO,RR in
alkaline electrolytes for efficient product formation. However,
the serious carbonate formation by the CO, reaction with OH™
is detrimental to the catalytic performance, which precipitates
within the catalyst and GDLs and blocks the pores for
CO, transfer, degrading the catalytic system and precluding
the stable CO,RR. To overcome these issues, a pure-water-fed

This journal is © The Royal Society of Chemistry 2025
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(alkali-cation-free) MEA was designed for CO,-to-ethylene
7% An anion-exchange membrane (AEM) + proton-
exchange membrane (PEM) MEA (APMA) system involves an
AEM at the cathode and a PEM at the anode, respectively. The
APMA does not involve a water dissociation catalyst, different
from the bipolar membrane (BPM) system (Fig. 10c), wherein
water dissociation occurs at the cathode and anode to produce
OH™ and H' spontaneously, which are driven through
AEM/PEM to take part in the oxygen evolution reaction/CO,RR.
The AEM helps to create an alkaline cathode environment,
while PEM circumvents the crossover of all anions and facil-
itates CO, reduction at low cell voltages, meanwhile suppres-
sing the HER and maintaining high conversion efficiencies.
The BPM system exhibits the junction/bonding layer at the
anion-exchange layer/cation-exchange layer (AML/CEL) inter-
face, where H,O forms, leading to delamination and further
instability.

Other strategies to address carbonate formation include apply-
ing acid electrolytes,>*33%378379 yising bipolar membranes,**°
proposing a self-cleaning CO, reduction strategy with short,
periodic reductions in applied voltage,*®' dividing CO,to-C,,
conversion in alkaline electrolytes into two steps of CO,-to-CO
followed by CO-to-C,,," physical washing, pulsed operation,"
replacing K' to Cs" in the electrolyte due to the higher solubility
of CsHCO; and Cs,CO; than potassium salts, using solid
electrolytes,®®* increasing the operating temperature (60-
80 °C) to improve carbonate salt solubility, lowering the K"
concentration in electrolytes,*® performing direct CO, conver-
sion from carbonate,®®* and applying the proton-exchange
membrane system."**

Optimizing the flow fields in MEA contributes to developing
high-current-density CO, electrolyzers.*>*® The typical three flow
fields of parallel, serpentine, and interdigitated exhibited weak,
moderate, and excessive flow-through transport, respectively.
Based on these, the CO, distribution uniformity is enhanced,
no CO, starvation is ensured, CO, flow-through transport is
provided, and suppressed drainage behavior is ensured. As a
result, a multi-serpentine flow field, compared to the conven-
tional parallel flow field, achieved high CO selectivity (95% at
0-350 mA cm ™ %) and maximum jco (409 mA cm™?). Meanwhile,
the CO, mass transfer properties in MEA can be improved by
controlling the cell compression via varying the gasket
thickness,*®*® which alternates the porosity and thickness of
GDEs and affects the electrolyzer performance. Demonstrated
by Ag-deposited GDEs, high and low compressed MEA present
similar FEco and jco at low voltages (<2.9 V), while the low
compressed device illustrated outstanding selectivity and activ-
ity to CO and inhibited the HER.

Solid electrolyte cells have been proposed to promote
ampere-level CO,RR/CORR (Fig. 10d). For instance, assembled
into a MEA with a porous solid electrolyte, the strongly coupled
nanosheets with Ag NPs and Sn-SnO, grains (Ag/Sn-SnO, NSs)
demonstrated continuous production of ~0.12 M pure
HCOOH solution at 100 mA cm™ > over 200 h.>® The porous
solid electrolytes (PSEs) afford direct generation of pure liquid
acid solution, which efficiently delivers ions between the

conversion.

This journal is © The Royal Society of Chemistry 2025
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cathode and anode without introducing additional solutes.
Humidified CO, is supplied to the cathode to generate HCOO™
which is driven by electrical field to the PSE layer through AEM,
while water oxidation occurs in the anode with 0.1 M H,SO,
circulation to produce H' which transfers through CEM to PSE.
The generated HCOOH via ionic recombination is flushed out
of the PSE layer by deionized (DI) water or N, vapor. The solid
electrolyte cell not only avoids the carbonate formation in the
alkaline CO,RR in a flow cell, but also directly generates formic
acid solutions (3.5 M) with 93% FE¢omicacia and 1.1 A partial
current at 4.2 V.*®” Moreover, using solid electrolyte cells, liquid
C,H;OH with 90% relative purity was generated on the Cu
catalyst over 50 h continuous CO,RR at 600 mA cm ™ 2,*" as well
as > 13 wt% ethanol on Cu over 80 h CO,RR at 200 mA cm ™ 2.%88
Recently, a pure water fed MEA was deployed with a positively
charged polyelectrolyte as an alternative to alkali cations and to
modify Ag to avoid bicarbonate formation and achieve high-
performance CO,-to-CO conversion.*®® This enabled a 78%
FEco at 100 mA cm 2 and 55% EE at 200 mA cm™ 2 at room
temperature (RT) but with much larger voltages. Increasing the
temperature to mitigate the ohmic impedance from the diffu-
sion limitation and voltage increase by using pure water
resulted in larger current densities at the cell voltage, approach-
ing 200 mA cm ™2 at 3.5 V at 60 °C which dropped from 5 V at RT,
together with 30% EE at 100 mA cm ™2, slightly smaller than the
35% in the acid-fed reactor. This strategy can also be applied
universally for other CO-selective catalysts (Ni-N-C, CoPc).

Apart from the commercial CO,RR applications, solid elec-
trolyte cells also demonstrate continuous production of high-
purity (96%) acetic acid solutions from the CORR on Cu
nanocubes,?*® with a current density of 1 A cm™>. Moreover,
90 mM pure acetic acid was generated over 120 h CORR around
—4.45 V on Cu(25 nm)-CN-3 in a PSE device, with 55.6%
FEacetate at 100 mA cm™2.3°" Another exciting MEA-based CORR
study with a solid-state electrolyte (SSE) illustrates that the
highly lattice-disordered CuzN with abundant twin structures
generates 17.4 vol% ethylene stream (1.45 M) and liquid C,,
products (0.23 M) at the outlet of the cathode and SSE layer.>**
Additionally, the MEA using a SSE with a tandem catalyst,*** a
covalent organic framework and a metal-organic framework for
respective CO,-to-CO and CO-to-acetate, achieved 44% acetic
acid selectivity at 160 mA cm™ > and 3.6 V, producing high-purity
(95 wt%) 20 mM acetic acid solution over 200 h operation with
stable FEyceticacia (43%) and current density (>150 mA cm ™ 2).
All these works highlight the crucial roles of solid electrolyte
cells in commercial CO,RR/CORR applications.

Scaling-up of CO,RR/CORR is conducted in cell-stacks based
on the single MEA cells, with enlarged electrode area and more
electrolyzer units. To improve the CO,, electron, proton and
product (CEPP) transfer at high current densities, an electro-
lyzer using the forced convection of the CO, saturated catholyte
throughout the porous cathode (in situ electrodeposited Ag NPs
on carbon fibers) was designed.>** Induced by the CO, exsolu-
tion from dissolved CO, and bicarbonate, the CO,RR device
with flow-through induced dynamic triple-phase boundaries
(FTDT) presented a high FE¢o (92.0 4 3.0% at 1.78 A cm ™2 and
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3.5 V) and maximum current density (3.37 A cm > at 4.5 V) on
Ag-TEL. Differently, the GDE cells,"* with created triple-phase
boundaries involving inlets of the gas-phase CO, and liquid-
phase alkaline catholyte, display maximum current density
(Jmax, 1.4 A cm™?) but lose input CO, to bicarbonate/carbo-
nate,*®® wherease the GDE cells using the humidified CO, inlet
and MEA are effective in improving the stability,**>*%” but
challenging to achieve j,.x over 1 A cm™2, due to the reduced
ionic conductivity and low proton availability. When integrat-
ing a Cu-based catalyst, the FTDT cell exhibited 0.57 A cm > Je,,
at 3.1 V with stable FE¢,_(>55% at 2.7-3.1 V). Further ampli-
fication was conducted in the 4 x 100 cm? electrolyzer stack
based on FTDT which produces CO with a yield of 90.6 L h™" at
59.0 + 2.6 A and 14 V. Impressively, the large-scale 140 cm” 4-
MEA cell stack using NiFe DAC*** presents a high FE¢q (>97%)
over 6 h continuous CO,RR, a stable cell potential (12.2 V at
200 mA cm~?) and exclusive CO yield (~45 L h™"). As for C,,
production, the practicality is confirmed in a scaled-up CO,
electrolyser stack consisting of six MEA cells,?”® wherein ultra-
stability over 1000 h and 50% FEcy, at 10 A are realized.
Besides, the electrolyser stack of four 100 cm® MEA cells
demonstrates the practical application of CO,/CO electrolysis
on CuO nanosheets,'** delivering the largest formation rates of
457.5 mL min " at 150 A and 2.97 g min " at 250 A for ethylene
and acetate, respectively.

Very recently, a stable and scalable electrode substrate was
designed to resist flooding and operate stably over 400 h for
CO,-to-C,H, conversion.>*® The enhanced stability originated
from the hydrophobic PTFE percolating network in the micro-
porous layer. Further scale tests were conducted in 800 cm? cell
and 8000 cm” stack (ten 800 cm® MEA cells) with stability of
240 h at 100 A (125 mA cm %) and 240 h at 800 A (100 mA cm ™ ?),
respectively. Impressively, a total charge transfer of 6.9 x 108 C
was obtained, the largest reported CO,RR demonstration to
date. More impressively, a 1000 cm> CO electrolyzer at 0.71 kW
and a 500 cm® CO® electrolyzer at 0.40 kW were designed
successfully,**® with the former one producing high-yield acet-
ate (1.2 M with 96% purity at 300 A over 125 h) and ethylene.

4.3. Tandem/hybrid device systems

Most fundamental research focuses on catalyst design, over-
looking the carbonate formation problem caused by the CO,
reaction with OH™ which results in huge voltage loss, significant
CO, consumption, and deteriorated catalytic performance. This
should be tackled for CO,RR applications in real devices. To
maximize the CO, utilization, tandem reaction systems are
designed to enable two-step reduction of CO,-to-CO and CO-to-
C,. in two separate devices. This tandem system is more attrac-
tive and effective in addressing the CO, loss issue and enhancing
the stability. Tandem CO, electrolysis promotes FE¢ by 25%
compared to direct CO, electrolysis.*®® Other merits of tandem
CO, electrolysis include affording engineered separate reaction
environments (neutral conditions for CO,-to-CO and alkaline for
CO-to-C,.) against carbonate formation,*®* kilowatt scale demon-
stration towards acetate and ethylene,**>*°° and production of

7000 | Chem. Soc. Rev., 2025, 54, 6973-7016

View Article Online

Chem Soc Rev

highly pure liquid products (acetate) with significantly reduced
separation costs.

Beyond the above traditional CO,/CO electrolyzers, CO,/CO
electrolyzers have been combined with other electrolyzers (cas-
cade MEA,**>%% second CO-to-C,H, MEA,*** tandem CO-to-C,.
MEA*?) for producing C;-C acetate esters, ethylene and C,, at
high rates, respectively. Moreover, the hybrid systems have been
developed successfully, which consist of CO,/CO electrolyzers and
subsequently a thermochemical hydroformylation device,’*® a
C,H, dimerizer,*”*® a cascade C,H, oxidation reactor,** a solid
oxide water electrolyzer,’'® a syngas fermentation device,""" a
biological upgrading device,"* a thermal catalytic device,"” a
thermochemical CO reduction device,"** following a two-step
cascade system (C,H,-bromoethanol-ethylene carbonate),"*> and
a formaldehyde and alcohol dehydrogenase device®'® for generat-
ing respective propionaldehyde, butane, ethylene glycol, synthetic
fuel, mid-chain fatty acid, butanol/hexanol, methanol, 3D-printed
carbon nanocomposites, ethylene carbonate, and methanol,
respectively. The tandem and hybrid strategy affords new oppor-
tunities to target products with higher value than that produced in
a single-step process.

The typical two-step CO,RR was operated in two flow cells
with Ag and Cu GDEs for CO and C,. production in non-
alkaline and alkaline electrolytes, respectively.*'” The gas pro-
ducts of the first flow cell (CO, H,) were purified to remove the
unreacted CO, and then fed into the second flow cell for C,,
production. This configuration overcomes the issues of CO,
loss and KOH consumption, delivering a cumulative FE¢c  of
62% at 300 mA cm 2, 30% higher than that of a single-step
electrolysis at the same current density. A similar two-flow cell
structured tandem system was demonstrated by 3D Ni SAC and
multi-hollow Cu,O nanoparticles for CO and propanol produc-
tion, respectively,*'® suggesting the feasibility of the tandem
system, because of their unique capability of combining various
catalysts and facile control over each step. Additionally, a
tandem system consisting of two MEA cells exhibits significant
potential for CO,-to-C,, conversion,’®**%* as well as a hybrid
cascade system of an electrochemical reactor connected
by thermochemical*®”**®/bological upgrading*">*'***°/sygnas
fermentation®'"/hydroformylation®®® devices in series. These
systems afford renewable electricity-activated routines for slec-
tive produciton of valuable long-chain chemicals/fuels that can
not be generated by a single reactor meanwhile circumventing
the separaiton of unreacted CO, between the two reactors.
However, these systems are challenged by high-concentration
CO stream to the downstream CO electrolyser. The existence of
unreacted CO, in the CO electrolyser results in carbonate
generation, reducing the C,. species production. The CO,
electrolyzer must achieve highly efficient CO, consumption,
and high gas separations costs are demanded to afford pure CO
feed into the downstream. Therefore, developing robust and
efficient Cu-based catalysts with high activity and selectivity,
and their integration into tandem/hybrid membrane electro-
lyzers with avoidance of electrolyte and liquid product separa-
tion are promising to achieve green conversion of CO, and
practical applications.

This journal is © The Royal Society of Chemistry 2025
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5. Conclusions and perspectives

CO,RR/CORR, powered by renewable electricity, affords a pro-
mising approach for closing the carbon cycle and producing
high-value fuels. Although multi-scale research on CO,RR/CORR
at ampere current has achieved significant progress, its large-
scale deployment still faces challenges. To commercialize CO,RR/
CORR, specific criteria should be considered. For instance,
continuous electrolysis for 5000 h with a high energy efficiency
(>60%),**" operation at ampere current densities,"”*>'** high
pressure,*?* large electrode area (100 cm?),"** etc. Achieving these
goals demands seriously addressing the crucial issues of low
selectivity of specific C,. products, unsatisfactory full cell energy
efficiency, insufficient stability, high subsequent separation
costs, etc. These challenges are in close relationship with the
catalyst design, characterization of reaction mechanisms, and
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mass transport control. The main challenges and perspectives for
ampere-level CO,RR/CORR are listed as follows (Scheme 2).

5.1. Challenges in achieving ampere-level CO,RR/CORR

5.1.1. Low selectivity of specific C,, products. C,; product
(CO, formate) has been achieved with a selectivity over 95% at
ampere-level current. However, it is still challenging to obtain a
specific C,; product with high selectivity. Delving into the
origins of low C,. selectivity, the CO,RR process is complicated,
involving the HER, because of the inherent complexity from the
sequential multi-step electron/proton transfer reaction path-
ways, which incur various products with the competitive HER
consuming a huge amount of the produced charge, and C,,
species has sluggish kinetics, challenging the high C,, selectiv-
ity. Besides, CO, is lost from either the reaction with OH™
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Scheme 2 Perspectives and strategies to accelerate CO,RR/CORR at ampere-level current and the large-scale commercialization.
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produced from electrochemical reduction on/near the catalyst
surface or the bulk electrolyte. The high-rate OH™ production at
high current densities (>200 mA cm™?) constructs a highly
alkaline environment at the electrode-electrolyte interface even
in neutral electrolytes.”>® The building-up of surface CO cover-
age and utilization of the CO feed other than CO, are effective in
elevating the C,. selectivity and enriching the local CO concen-
tration, respectively. From the CO,RR, only ethylene exhibits
80% selectivity with 568 mA ecm ™ ji 5 ,°”® followed by ethanol
with 61.9% FE and 458.2 MA cm ™ > jethanol.>>. From the CORR,
the top two C,, products are acetate and ethylene with FE of
70%° and 65%"*>* obtained at partial current densities of 425
and 808 mA cm ™2, respectively. It is highly required to develop
efficient catalysts for boosting the selectivity of specific C,.
species even higher and beyond these products.

5.1.2. Unsatisfactory energy efficiency. The full cell energy
efficiency (EE) for CO,-to-CO/formate has approached 80%,”%**>
while CO,-to-C,, typically has a EE less than 42%,*° e.g. 26.1%>%"
and 20%°'® for C,H;OH and C,H,, respectively. Besides, EE for
all the CO,RR products drops below 50% at reaction rates over
200 mA cm™2.3* As for the CORR, the EE for total C,, is also less
than 40%,"* with 35-44%,*** 27.6%,”® and 21%°% for C,H,,
acetate, and n-propanol, respectively. Enhancing the full cell EE
is limited by complicated factors such as catalyst degradation,
electrode designs, membranes and electrolyzer assembly which
incur high internal resistance. Especially, the electricity con-
sumption of the CO,RR accounts for a significant portion of
product cost, which is more highlighted for the products beyond
CO and formate, due to more electron transfer and higher energy
demands, where electricity predominantly occupies the operation
cost. Only a few studies reported satisfying overall EE > 70% at
industrial-level current density.*>> Moreover, large proportion of
the supplied electricity was consumed by the anodic reaction in
the CO,RR system, attributed to the thermodynamic and kinetic
challenges of the oxygen evolution reaction (OER). Almost 90% of
the input energy contribute to the OER, while only less than 10%
is used for CO,-to-CO.*?® Therefore, the anodic oxidations in the
CO,RR system should be considered with lower energy require-
ments than those in the OER to reduce the energy consumption
and enhance the system economics. In addition, other factors
also contribute to inferior EE, such as high reaction overpoten-
tials, mass transfer limitations, ohmic loss, and interplay of the
EE and current density.

5.1.3. Complicated dynamic process and mechanism. Both
the CO,RR and CORR proceed through multiple reduction
pathways and intermediates. The current characterization con-
ditions for catalysts do not match well with the actual reaction
conditions. To acquire the catalyst structure during CO,/CO
electrolysis and understand the reaction mechanism, it is
significant to perform in situ and operando characterization,
especially at ampere-level current. Furthermore, the limitations
(catalyst reconstruction, unstable testing system, undetectable
intermediates) in full cells still exist from atomic to centimeter
scales and time from femtoseconds to days.

5.1.4. Stability. Stability plays a crucial role in the indus-
trial applications of CO,RR/CORR. The reasons for instability
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include the materials aspects (difficulties in maintaining the
size and morphology of catalysts, nanoparticle agglomeration,
degradation, and limited thermodynamic/chemical/mechani-
cal stability) and the non-materials aspects such as experi-
mental conditions (pressure, current density, temperature,
electrolyte, and reaction area) and system issues (flooding by
decreased hydrophobicity of GDLs, carbonate formation, water
control, high cell voltage, adherence of products on membranes
and crossover to anodes leading to a destroyed membrane
structure and blocked ion transfer). In more detail, the catalyst
deactivation processes occur reversibly or irreversibly. Most
metal-based catalysts (Cu,O, SnO,, Sn, Bi, Cu, Zn, and In) are
challenged by the same electrochemical corrosion due to their
high cathodic potentials and open-circuit potentials, and the
chemical corrosion from the reaction with H*, O,, OH™, and
Cl7/ClO0™.** This further leads to surface reconstruction (frag-
mentation, reshaping, agglomeration, and changes in the
valence state and coordination environment). Other deactiva-
tion pathways include poisoning by intermediates/products/
electrolyte impurities, steam feeding on facets, surface oxida-
tion, detachment by electrolytes or bubbles, etc. In addition,
flooding is detrimental to the stable operation of CO,RR/CORR,
which usually originates from the reduced hydrophobicity of
surface carbon fibers in GDEs because of the electrochemical
reactions and electrowetting.**® Higher hydrophobicity contri-
butes to high resistance against electrolyte penetration and
flooding. Meanwhile, some other factors on flooding are pore
size, porosity, electrode thickness, carbonate deposition, etc.,
which combine with more serious electrolyte leakage to hinder
the efficient CO, transfer along the porous GDE channels.
Moreover, the overwetting of the catalyst layers results in
destroying the tri-phase boundary and decreasing the local
CO, concentration around active sites. As a result, the HER is
promoted while the CO,RR being impeded over a long-term
operation. Carbonate formation/accumulation occurs in the
alkaline CO,RR, which consumed a large amount of CO, and
KOH, blocked the flow channels of gas chambers and porous
networks of GDEs, and limited CO, mass transfer. Notably, the
concurrence of flooding and carbonate deposition enables
carbonate diffusion along the pore networks of GDEs and their
growth on the back side of GDEs. Currently, all the above-
mentioned factors entangled together, challenging the stable
operation. Up to date, CO,-to-C; conversion has exhibited
stability over 1000 h but only with a small electrode area (mostly
1 cm?).** The current-dependent stabilities for CO,-to-CO, CO,-to-
formate and CO-to-formate have achieved 200 h at 2 A cm™2,'4°
520 h at 3 A em™%**® and 1000 h at 1 A em™%,** respectively,
while the CO,-to-C,; and CO-to-C,, conversions demonstrate a
100 h**® and 200 h stability at 2 A ecm™>,"*® respectively. Other
outstanding stability reported for the CO,RR and CORR
has approached 1000 h at 100 mA cm %%° 5200 h @
600 mA cm ™ 2,**? and 500 h at 500 mA cm ™2 (ref. 28) for formate
and acetate, respectively. Nonetheless, upon increasing the elec-
trode area and current density, the durability decreases rapidly,
due to multiple factors of catalyst deactivation, carbonate accu-
mulation and electrolyte degradation in the alkaline CO,RR, the
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application of membrane without sufficient mechanical and
chemical stability, etc.

5.2. Perspectives

5.2.1. Rational design of catalysts. Promising catalysts
should exhibit high activity and selectivity, strong mechanical
stability, and robust durability to meet the requirements of
practical applications. Approaches to rationally develop desired
catalysts include alloying and doping,**" preparing single-atom
and multi-atom (e.g., dual atom,***™*® triple atom,*”**® few
atom or nanocluster'>****7**?) catalysts, regulating the morphol-
ogy and structure (shape, size, facets,*** defects,*** phases,**>**¢
lattice tension, oxygen vacancy,**”**® grain boundaries**?), alter-
nating the oxidation states, and introducing organic molecules to
functionalize the catalysts. Among all these strategies, construct-
ing single atom and multi-atom catalysts has been demonstrated
to be effective and promising for CO,RR/CORR at ampere current
density, due to the well-defined active sites, strong support-atom
interactions, maximum metal utilization, outstanding activity
and selectivity, and gram-scale preparation. Moreover, Al-
assisted strategies also make significant contributions to devel-
oping efficient and advanced CO,RR/CORR catalysts.*>°*¢°

5.2.2. Multi-scale in situ/operando characterization. To
understand the complicated catalytic mechanisms, it is impera-
tive to deploy various in situ/operando characterization such as
in situ/operando XAS, Raman, IR, XRD, XPS, etc.”® These techni-
ques benefit identifying the active sites/centers and intermedi-
ates, determining the electronic structure and coordination
environment, tracking the dynamic changes of active sites,
and elucidating the reduction pathways. These results can be
further combined with theoretical calculations at the atomic or
molecular level to gain insights into the electrochemical process
and expand the understanding of the CO,RR/CORR mechanism
at ampere-level current, thus guiding us to design more efficient
catalysts for industrial CO,/CO electrolysis deployment.

5.2.3. Enhanced mass transfer at ampere-level current. To
enhance the mass transfer for boosting CO,/CO electrolysis,
effective strategies include developing porous electrodes, opti-
mizing the electrode architecture, altering the thickness and
porosity of GDL, constructing an efficient gas-solid-liquid tri-
phase, and controlling the wettability or hydrophilicity/hydro-
phobicity by PTFE or other organic polymers. Electrolyzer
engineering is another principle for enhancing mass transfer,
including selection and optimization of the proper device (flow
cells, MEA, solid state electrolyzers, cell stack), applying the
pure-water-fed (alkali-cation-free) MEA, mitigating carbonate
formation in the alkaline CO,RR, and controlling the transfer
of water and hydroxide at a quasi-two-phase interface to boost
CO reduction. Especially, new electrolyzer architectures such
as the BPM-based MEA,**"*®* low-resistance pressurized
electrolyzers,*® cascade/tandem devices,*®***®> and the electro-
lyzers for CO,to-CO using ionic liquid electrolytes*®® have
shown promise to enable high conversion rates and full-cell
energy efficiencies. Achieving rapid transfer using these two
principles is an important prerequisite for CO,RR/CORR at
ampere-level current.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

5.2.4. Holistic design of CO,RR/CORR electrolysers. The
design of electrolysers must be tailored to the type of catalysts,
and vice versa. The reaction microenvironment and the elec-
trode-electrolyser interfaces need to be understood and fine-
tuned.%%187,300,309,404,4677469 A alkaline and K*-rich microenvir-
onment significantly promotes the CO,/CO-to-C,; conversion
with promising energy efficiency and carbon efficiency,*>***°
while normal Cu catalysts with modification of the intermedi-
ate distribution,>*® local CO availability,">* the interfacial elec-
tric field and buffering local pH****”%*"* demonstrate very high
performance, highlighting the importance of designing the
right environment for catalysts in the membrane electrode
and electrolyser. On the other hand, to best promote mass
transport in electrolysers for ampere-level electrolysis, the
catalysts can be tuned with proper porosity, thickness, and
morphologies for efficient mass transfer at ultrahigh reaction
rates (ampere-level current densities), and with specific struc-
tures (facets, grain boundaries) for desirable products.

5.2.5. Improved production and cell efficiency. Only Cu-
based catalysts have demonstrated reliable multi-carbon for-
mation. To improve the C,, species production, effective stra-
tegies include engineering the Cu-based catalysts by introducing
a second metal into a single atom alloy, constructing an abrupt
Cu interface,"" functionalizing Cu catalysts with organic mole-
cules for stabilization of the key intermediates, and assembling
the efficient catalysts into a solid state cell for producing highly
concentrated liquids such as acetate. Besides, applying efficient
OER catalysts,””>*’” engineering the electrolytes (cations,
anions, pH, concentration, composition) and ion-exchange
membranes, developing energy-efficient electrolyzers, using
pulsed electrolysis, and coupling CO,RR/CORR with the low-
overpotential anodic reactions (alcohol oxidation,*”® glycerol
oxidation,****”**% H,S oxidation, hydrazine oxidation, urea
oxidation, methane oxidation, 5-hydroxymethylfurfural oxidiza-
tion, 3-hydroxy decanoic acid oxidization,***** Cl, evolution
reaction*®?), other than the OER, are promising to reduce the
energy consumption and obtain high energy efficiency, and
contribute significantly to generating multi-carbon products,
such as the co-product of acetate for CO,/CO electrolysis and
ethanol oxidation.*®® Furthermore, developing a cascade tan-
dem electrocatalytic-thermocatalytic reaction system has been
demonstrated to be effective in boosting the production of Cj
oxygenates*®® and butane,**® which indicates their abilities to
produce C,. in practice.

5.2.6. Understanding degradation of the CO,/CO electro-
lysis system. To advance CO,RR/CORR for practical applica-
tions, it is significant to explore the origins of the system
deactivation. Especially for the long-term operation in MEA at
ampere level electrolysis, which suffers from degradation of
both catalysts*®* and electrolytes, as well as other issues such as
flooding or salt accumulation and precipitation,*®> product
accumulation, impurities, and bubbles.**® Therefore, designing
new technologies for real-time tracking of the electrolysis
system plays crucial roles in unveiling the reasons for perfor-
mance decay, including operando XAS for studying the evolu-
tion of chemical environments, in situ electrochemical electron
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microscopy with ultrahigh resolution for monitoring the atomic
migration and active species in catalysts, surface-enhanced
Raman, online inductively coupled mass spectrometry, and iden-
tical grain methodology for studying the electrocatalytic process,
catalyst degradation, and facet-dependent reconstruction, respec-
tively. New methods such as electrolysis optical coherence
tomography,*®® distribution of relaxation times analysis,*®”*%
neutron imaging,** interpretable machine learning,*** and array
tomography-guided systems®*® are highly desirable to precisely
diagnose the attenuation of the activity and stability for electro-
lyzers and to identify the specific failure points to address these
problems beyond those in GDEs.

5.2.7. Enhanced durability of the CO,/CO electrolysis sys-
tem. Based on diagnosing the degradation mechanism, stability
should be promoted by rational design of catalysts/reactors, good
control of salt precipitation to remove liquid droplets****®* and the
salt formation prevention by quantifying cation accumulation.***
Catalyst stability, durability and scalability of polymer-membrane-
based CO,/CO electrolysers are crucial for commercialization. At
the catalyst level, apart from the remarkable stability mentioned in
Section 5.1.4, with CO, supply, most stabilities were evaluated as 6
to 528 h and 2 to 280 h for CO and formate at 100 to 600 mA cm >
(Tables S1 and S2, ESI¥), respectively, the stable operation of CO,-
to-CH,, maintained less than 20 h at 200 to 400 mA cm ™2, while the
total C,, species (C,H,4, C,HsOH, C,. alcohols, C,. oxygenates,
propanol) can be produced stably over 20-120 h at 300 to
900 mA cm 2, with generally higher stability of gas products than
the liquids except the 120 h propanol production at 100 mA cm™ >,
Changing CO, into CO, the total C,, species (acetate, C,H,,
ethanol, oxygenates, propanol, C,, alcohols) exhibited 100 to
300 h stability at 200 to 500 mA cm 2, with favored acetate
generation (100 to 500 h at 100 to 500 mA cm 2) followed by
propanol (100 to 120 h at 150 to 300 mA cm™>), ethanol (30-400 h
at 300 to 700 mA cm %) and C,H, (8 to 100 h at 200 to
500 mA cm ?). At the device level, durability at various current
densities affects the production costs and profitability.*** The year-
long operation of feasible CO,-to-CO demands 40, 85, and
45 mA cm™? for AEM, PEM, and BPM, respectively, while effective
formate production needs to be performed at a lower threshold
(30 mA cm 2 for AEM, 75 mA cm > for BPM). Stability reduces
almost 500 h for AEM and 1500 h for PEM for CO production at
300 mA ecm™ 2, and 300 to 750 h for formate, while operation at
300 to 500 mA cm~> and 500 to 600 mA cm™ > decreases the
stability requirements significantly with and without avoiding the
diminishing returns at higher currents, respectively. Costs of
membrane maintenance and catalyst replacement will further lift
these thresholds. Enhancing the electrolyzer energy efficiency and
applying low-cost renewable electricity help to improve economic
viability for C,. production with satisfying durability. Several
aspects should be considered to achieve long-term operation: (1)
stable bonding of catalysts with GDLs, (2) flooding and high gas
transfer prevention and carbonate formation resistance, (3) selec-
tion of ion exchange membranes (IEMs) with high ion perme-
ability and selectivity, and (4) optimization of device components.
More efforts are required for developing new binders with high
mechanical and electrochemical properties for achieving efficiency
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and stability, designing long-term stable GDLs with high voltage
resistance and precisely adjustable configuration, developing multi-
functional and stable IEMs,** operating CO,RR/CORR at higher
temperature (time-temperature equivalence principle) or a cyclic
voltammetry method similar to that for the oxygen reduction
reaction, and optimizing the electrolysers. Other strategies for
achieving enhanced durability include alternation of the charge-
transfer routes (doping, alloying, strong electronic interaction for
ligand coordination), particle confinement (MOFs/COFs, CNTs,
carbon shells, organic ligands), surface encapsulation (functional
group, oxides, carbon shell), and reversible solid-phase transition.**”

5.2.8. Commercialization of CO,RR/CORR. By rational
catalyst design and mass transfer control, ampere level CO,RR/
CORR can be achieved to set a base for commercialization. To
achieve this aim, firstly, catalysts with low cost, high efficiency and
good stability should be synthesised from grams to
kilograms,>****® for their large quantity applications in real devices
(MEA,**” high-throughput parallelized MEA,**® pilot-scale CO,/CO
electrolyzers®®®°%), This requires the synthesis method to be
industrially acceptable. Besides, optimization of the electrode area
and architecture, device structure, reaction temperature, pressure,
and huge volumes of electrolyte matter for efficient operation at
ampere-level current densities is important. Moreover, directly
converting CO, captured from air or simulated flue gas®" makes
CO,RR/CORR more attractive for practical applications. Develop-
ing modular devices integrated with air separation, CO, capture
and conversion would benefit industrial applications and decrease
the installation and maintenance cost and improve the equipment
scalability. Furthermore, analysing the energy intensity of the
product separation®*® and performing technoeconomic analysis
including capital cost, operation cost, and product separation cost
are required for assessing the economic feasibility,>**">%
the way for future industrialization.
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