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The electrochemical conversion of carbon dioxide (CO,) towards clean fuels and chemicals powered by
renewable energy is a promising strategy to realize the closing of the loop of carbon footprint. However,
the direct reduction of CO, to multi-carbon (C,,) products suffers from low activity in non-alkaline
electrolyte or electrolyte degradation problem caused by carbonate formation in alkaline electrolyte. The
two-step process for CO, electrocution can circumvent such problems by converting CO, to CO (the first
step) in the non-alkaline electrolyte and promote the rate of carbon-carbon coupling for CO-to-C,,
conversion (the second step) in alkaline electrolytes. We summarize the recent progress of CO-selective
catalysts, C,,-selective catalysts, tandem catalysts, and tandem reaction systems, which aim to achieve the
efficient production of C,, products with high selectivity. The two-step route of CO, reduction pushes the
chemical production from environmentally abundant molecules closer to the practical application, offering
a promising replacement in the petrochemical industry for chemical production under hydrogen economy
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1. Introduction

The electrochemical carbon dioxide reduction reaction (CO,RR)
is an alternative route for valuable fuels and chemical
production with the plummeting cost of renewable electricity."™
In general, CO, molecules can be converted into carbon
monoxide (CO), methane (CH,), methanol (CH;OH), formic acid
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(HCOOH), ethylene (C,H,), ethanol (CH;CH,OH), acetate acid
(CH3COOH), propanol (n-CH;CH,CH,OH), and chemicals with
even longer carbon chains. Among all CO,RR electrocatalysts,
only copper-based catalysts have been shown to have the unique
capability to convert CO,/CO into multicarbon (C,,) products
with acceptable selectivities.®® Many efforts have been devoted
towards regulating the selectivity of C,, products, such as
optimizing crystal facets,*'® modifying oxidation state,""'*
introducing defects,"® alloying,"*"® functionalizing the catalyst
surface,""® and engineering the electrolyzer."* However,
further improving the selectivity of C,. products suffers from
fundamental problems and industrially relevant challenges.
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Recently, some progress has been made to improve the
selectivity and formation rates of C,, products via the use of
alkaline electrolytes; however, the CO, electrolyzer is an
electrolyte-consuming device due to the formation of
carbonate.”* In addition, the energy required to regenerate
CO, from aqueous carbonate is much larger than |AG°|, making
CO,RR in alkaline electrolytes an energy-expensive device. A
more detailed discussion of the problem of carbonate formation
in alkaline CO, electrolyzer can be seen in the comments from
Matthew W. Kanan.?* Therefore, a two-step route for CO,
electrochemical reduction to C,, products was proposed to
circumvent the carbonate formation in an alkaline CO,
electrolyzer.”® As shown in Fig. 1, CO, was first reduced to CO
in a non-alkaline electrolyte and the produced CO was
subsequently converted into C,. products as the second step in
an alkaline electrolyte with significantly improved C,. selectivity
and activity. There is no problem of carbonate formation
between CO and hydroxide, and the use of alkaline electrolytes
can indeed improve the reactivity of CO in electrolysis. The two-
step electroreduction of CO, to C,. products with high
selectivity and production rates of industrial relevance provides
an alternative route for converting CO, to fuels and
chemicals.”*®

The electrochemical CO reduction reaction (CORR) to C,.
products is the key to the two-step conversion process, which
enhances the reaction rate and selectivity. In addition to the
fact that the CORR process can be carried out in alkaline
electrolytes to reduce the overpotential, CORR holds several
other advantages over direct CO,RR.>® It is known that CO is
the key intermediate to C,. products in CO, electrolysis. The
direct use of CO as the reactant can increase C-C coupling
rates to improve the formation rates of C,, products.®*
Moreover, the inherent reactivity of CO is higher than that of
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CO,. It is proved that for C,, production from CO, the
reactant higher current densities can be achieved at lower
overpotential compared to from CO, as the reactant.>® The
adsorption of CO on the catalyst surface is stronger than
CO,, which helps to suppress the competitive hydrogen
evolution reaction (HER), which in turn is beneficial for
vastly improving the current efficiency for C,, product
formation.?® The electrochemical reduction of CO, to CO has
been achieved with high faradaic efficiencies (FE) at high
current densities, which provides sustainable feedstock (CO,-
derived CO) in CO electrolysis.

A two-step route for CO, electroreduction can be achieved
via the tandem electrode structure, bimetallic catalysts, and
tandem reaction systems, as shown in Fig. 2. Tandem catalysis
strategy was obtained from thermal heterogeneous catalysis to
break the linear scaling relations of the binding strength for
intermediates in CO,RR.?”*® The tandem electrode structure is
achieved by two different catalysts for CO,-to-CO and CO-to-C,.
production, respectively. Moreover, the development of the
catalyst with two sites for the production of CO and C,.,
respectively, has also attracted considerable attention. For
example, bifunctional catalysts enable in situ CO production
and consumption, making the high-cost gas separation step
unnecessary. As shown in Fig. 2b, tandem reaction systems are
also a promising alternative to be explored. Many research
efforts have been focused on the second step with pure CO as
the feedstock but the interdependence of both steps is rarely
considered. From the angle of either catalysis science or
electrolyzer engineering, there is plenty of room for tandem
catalysis to improve the selectivity and production rate of C,.
products. This review offers a perspective regarding the two-step
route for the electrochemical reduction of CO, to C,, products.

2. The first step: reduce CO, to CO

The electrochemical reduction of CO, to CO with high selectivity
and current density is a prerequisite for the two-step route of
CO, electroreduction. In general, Au, Ag, and their alloys are
commonly used electrocatalysts for the specific reduction of
CO, to CO at low temperature.** " These catalysts with medium
hydrogen overpotential and weak CO adsorption can break the
carbon-oxygen bond in CO, and allow the produced CO to
readily desorb from the surface of the catalysts. Although many
strategies have been developed for improving the properties of
noble metal catalysts, such as nanostructuring,®*** alloying,***
phase engineering,® grain boundary engineering,* and crystal
facet engineering,**”” the practical applications of noble metal
catalysts are still hindered by the high cost and scarcity.
However, developing the electrocatalysts based on earth-
abundant elements for the electroreduction of CO, to CO
remains challenging.

Atomically dispersed earth-abundant metals anchored in
nitrogen-doped carbon matrices (M-N-C) are promising
candidates for CO,-to-CO conversion, with projected superior
activity and selectivity.***°® Wang and co-works reported a
facile ion adsorption process to synthesize Ni single-atom
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Fig. 2 The two-step CO, electroreduction strategies. (a) Tandem catalysts reduce CO, to multicarbons. (b) Tandem reaction systems for

converting CO, to multicarbons.

catalysts on commercial carbon black (Ni-NCB) (Fig. 3a).*!
The CO,RR tested in an anion membrane electrode assembly
(MEA) (Fig. 3b) demonstrated that the Ni-NCB -catalyst
exhibited a current density up to 130 mA cm™> (Fig. 3c) and
nearly 100% CO faradaic efficiency (FEco)) (Fig. 3d). As
shown in Fig. 3e, a maximum CO/H, ratio of 113.8 was

614 | React. Chem. Eng., 2021, 6, 612-628

achieved at a current density of 74 mA cm™. The results
reveal that earth-abundant catalysts with remarkable CO
production performance are promising to replace the noble
metal catalysts (e.g., Au and Ag). Liu and co-workers prepared
a single Ni-atom catalyst by pyrolyzing a mixture of amino
acid, melamine, and nickel acetate in argon.*? Aberration-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Schematic illustration for the formation process of Ni-NCB. (b) Photographs of the membrane electrode assembly and individual cell
components. (c-e) The current densities (c), the corresponding CO faradaic efficiency (d), and the CO/H, ratio (e) of Ni-NCB. Reproduced with
permission.** Copyright 2019, Elsevier. (f) HAADF-STEM image of A-Ni-NG, scale bar: 5 nm. (g) CO faradaic efficiency at various applied potentials.
(h) TOF of A-Ni-NSG compared with those of other state-of-the-art CO,-to-CO catalysts. Reproduced with permission.*?> Copyright 2018, Nature

Publishing Group.

corrected  high-angle  annular  dark-field scanning
transmission electron microscopy (HAADF-STEM) was used
to confirm the dispersion of Ni atoms on the graphene
(Fig. 3f). In a traditional H-type electrolyzer, the A-Ni-NSG
(the Ni atoms atomically dispersed on N-doped graphene
prepared by the addition of r-cysteine) catalyst achieved a
maximum FEo) of about 97% at about -0.5 V (vs. RHE)
(Fig. 3g). Noteworthily, the A-Ni-NSG catalyst exhibited a high
intrinsic CO, reduction activity. The turnover frequency (TOF)
of A-Ni-NSG reached 14 800 h™" at an overpotential of 0.61 V
(Fig. 3h), which is much larger than that of some noble metal
catalysts and molecular catalysts. Operando X-ray absorption
and photoelectron spectroscopy reveal that the monovalent
Ni(1) atomic center as the active site can reduce the energy
barrier for CO,RR via spontaneous charge transfer, which is
responsible for the high intrinsic CO, reduction activity.
Molecular catalysts, such as metal phthalocyanine (MPc) and
metal tetraphenylporphyrin (MTPP), have attracted considerable
interests as electrocatalysts for CO,-to-CO conversion due to
their uniform and tunable active sites, which are beneficial for

This journal is © The Royal Society of Chemistry 2021

revealing the structure-activity relationships and in turn to
guide the rational design of the catalyst."*™*> Due to their poor
conductivity, the molecular catalysts are usually supported on
conductive materials to afford higher current densities.*® The
selectivity and activity of the molecular catalyst can be regulated
via the metal center, ligands, and ligand substituents. As shown
in Fig. 4a, Liangand co-workers designed a series of nickel
phthalocyanine molecules anchored on the side-walls of carbon
nanotubes to control the performance of CO, reduction by
pendant group functionalization.” Among the nickel
phthalocyanine (NiPc) molecularly dispersed electrocatalysts
(MDEs), NiPc-OMe achieved a CO selectivity of >99% in a wide
current density range (ie., —10 to —400 mA cm™2), which
outperforms that of the pyrolyzed Ni-N-C catalyst and noble
metal catalysts (Fig. 4b). Based on in situ X-ray absorption
spectroscopy (XAS) and density functional theory (DFT)
calculations, the electron-donating groups (-OMe) can increase
the electron density on the Ni atoms and hence enhance the
Ni-N bond strength to improve their electrochemical stability in
CO, electrolysis, which is the reverse for the electron-

React. Chem. Eng., 2021, 6, 612-628 | 615
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and the cell components. (e) FEco) and E.ey as a function of current density, with and without phenol additive. Reproduced with permission.*®
Copyright 2019, American Association for the Advancement of Science (AAAS).

withdrawing group (-CN). Moreover, NiPc-OMe can stabilize the
*COOH intermediate to improve the selectivity towards CO,-to-
CO conversion. Berlinguette and co-workers reported that
commercially available CoPc (Fig. 4c) achieved a current density
of 150 mA em™> with CO selectivity >95% in a flow cell (Fig. 4d)
and a CO partial current density of 175 mA cm™ in a two-
electrode cell.*” Using phenol as an additive to the CoPc
catalysts can maintain the CO selectivity at a high current
density due to the function of phenol as a local pH buffer (ie.,
providing protons at a high current density) that reduces the
overpotential of CO,RR and slows the formation of inactive
bicarbonate at the electrode interface (Fig. 4d). This report

shows that the molecular catalyst could be a competitive
candidate for the electrocatalytic reduction of CO, to CO with
high selectivity at the practical current densities. The
performance of the electrocatalysts based on earth-abundant
elements for electrochemical CO,-to-CO conversion in the non-
alkaline electrolyte is summarized in Table 1.

3. The second step: convert CO to C,,

The direct electroreduction of CO, into C,., products suffers
from low activity in non-alkaline electrolyte and poor
selectivity.®® As summarized in section 2, in the first step,

Table 1 The performance of catalysts based on earth-abundant elements for the electroreduction of CO, to CO in non-alkaline electrolyte

Electrocatalysts Electrolyte Reactor FE (%) Jico) (mA em™) Ref.
A-Ni-NSG 1.0 M KHCO; H-Cell 97 22 42
Cu-APC 0.2 M NaHCO; H-Cell 92 8.6 48
NiPc-OMe 1.0 M KHCO; Flow-cell 99.5 300 47
Co-TTCOFs 0.5 M KHCO; H-Cell 91.3 1.84 49
Fe’*-N-C 0.5 M KHCO; Flow-cell 90 94 50
C-Cu/Sn0,-0.8 0.5 M KHCO; H-Cell 93 4.6 51
Ni-N,-C 0.5 M KHCO; H-Cell 99 24.8 52
Ni-CNT-CC 0.5 M KHCO; H-Cell 99 32.3 53
C-Zi,Ni,-ZIF-8 1.0 M KHCO; H-Cell 98 71.5 54
Co-N, 0.5 M KHCO; H-Cell 94 18.1 55
Ni/Fe-N-C 0.5 M KHCO; H-Cell 98 9.5 56
Cu/Ni(OH), 0.5 M KHCO, H-Cell 92 4.3 57
ZnN,/C 0.5 M KHCO; H-Cell 95 13.62 58
(Cl, N)-Mn/G 0.5 M KHCO, H-Cell 97 10 59
CoPc Anion exchange membrane MEA 95 150 45
Ni-NCB Anion-exchange membrane MEA 99 130 41

616 | React. Chem. Eng., 2021, 6, 612-628
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CO,-derived CO provides sustainable feedstock in CO
electrolysis to enhance the performance for producing C,.
products and to circumvent the reaction between the alkaline
electrolyte and CO,. The Cu-based electrocatalyst is the only
known material with the ability to reduce CO to C,, products
with appreciable performance. Many strategies have been
developed towards engineering Cu-based catalysts, such as
grain boundary engineering,®"®> phase engineering,®® crystal
facet engineering,*®* and nanostructuring,®>®® to improve
the product selectivity and catalytic activity.

Among the mentioned strategies, much attention has been
paid to grain boundary engineering for developing oxide-
derived Cu catalysts (OD-Cu) due to their ability of improving
the selectivity of C,, products in CO electrolysis.®"*> Kanan
and co-workers reported that OD-Cu catalysts can improve
the intrinsic activity towards C,, production in CO
electrolysis.®> OD-Cu electrocatalysts were prepared by
annealing polycrystalline Cu foil in air at 500 °C to form a
Cu,0 layer on the Cu foil surface and subsequently reducing
this oxide layer to metallic Cu. OD-Cu 1 was prepared by the
electroreduction of Cu,O in an aqueous solution at ambient
temperature; OD-Cu 2 was obtained via the reduction of
Cu,O in H, atmosphere at 130 °C. As shown in Fig. 5a, the
high-resolution TEM image of the OD Cu 1 catalyst showed
distinct grain boundaries. Benefiting from the highly active
sites at the grain boundary, OD-Cu achieved multi-carbon
oxygenates (ethanol, acetate, and n-propanol) with a faradaic
efficiency of 57% in CO-saturated alkaline electrolyte
(Fig. 5b). Therefore, engineering the grain boundary is a
promising strategy to change the intrinsic catalytic property
of nanocrystalline materials toward C,; production.

To reveal the effect of the annealing temperature of OD-
Cu electrodes, scientists annealed the OD-Cu-500 catalyst (an
OD-Cu catalyst obtained by 350 °C air oxidation) under N, at
200 and 350 °C in order to promote grain coalescence at a
different degree.®® The TEM image of OD-Cu-500 shows the
distribution of grain boundaries in a dense polycrystalline
network (Fig. 5c). Upon annealing, the intrinsic activity of
OD-Cu for CO reduction was significantly reduced (Fig. 5d).
The electrode annealed at 350 °C showed less than 5%
faradaic efficiency for CO reduction. The temperature-
programmed desorption of CO on OD-Cu revealed the
presence of strong CO binding sites on the OD-Cu surface.
Strong CO binding may increase the CO coverage on the
catalyst surface to enhance the rate of CO reduction. The
thermal annealing of OD-Cu electrodes can reduce the
proportion of strong-binding sites on the surface, which is
responsible for low activity in CO reduction. Xu et al
employed operando attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) to
identify the CO adsorption band on OD-Cu at 2058 cm’,
which is different from those on polycrystalline copper but
similar to the CO adsorption band on Cu(100).*” OD-Cu may
have more Cu(100) facets, which are regarded as sites for C-C
coupling in CO,/CO reduction. Unlike the use of Cu,O as the
precursor, Wang and co-worker prepared Cu nanowires by

This journal is © The Royal Society of Chemistry 2021
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the thermal reduction of CuO nanowires in H, at 150-300
°C.°® Fig. 5e shows the SEM image of Cu nanowires produced
by hydrogen reduction at 150 °C (HR-150). The HR-150 Cu
nanowires achieved an ethanol FE of 50% and a total FE of
65% for CO reduction at -0.3 V vs. RHE (Fig. 5f). The
electrosorption of hydroxide (OH,), temperature-programmed
CO desorption, and DFT calculations suggest that the high
ethanol selectivity is attributed to the coordinately
unsaturated (110) surface sites on the Cu nanowires.
Although OD-Cu catalysts can enhance the activity and
selectivity of the C,. products, a full picture of the structure-
activity relationship that can guide the rational design of
catalysts is still missing.

Most studies on CO reduction have been performed in the
H-cell with electrocatalysts immersed in CO-saturated
aqueous electrolyte, which suffer from mass transport
limitations due to the extremely low solubility of CO in
aqueous solution (1 mM in 1 bar saturated H,0).*° The flow-
cell reactor with gas diffusion electrodes (GDE) is designed to
circumvent mass transport limitations by directly feeding
gaseous reactants to the electrode-electrolyte interface. As
shown in Fig. 6a, the triple-phase boundary was formed at
the catalyst particles, liquid electrolyte, and gaseous
reactants, which can achieve high rates of CO reduction. Jiao
et al. first used a flow system to achieve high rates for CO
reduction using commercial copper particles and OD-Cu
particles as the electrocatalysts.>> The morphology and
particle size of commercial micrometer copper and OD-Cu
particles are shown in the SEM images (Fig. 6b and c). The
CO reduction performances are summarized in Fig. 6d and e.
OD-Cu catalysts achieved a C,, selectivity of 91% and a
partial current density over 635 mA cm™” in electrochemical
CO reduction. This work also compared the performance of
CO,RR and CORR to illustrate the advantages of CO
electrolysis for C,. production. Kanan and co-workers
employed a membrane electrode assembly cell with GDE and
achieved a current density over 100 mA cm™ for the
formation of C,; as well as produced 1.1 M acetate at a cell
potential of 2.4 V after 24 h electrolysis.® To further illustrate
the advantages of CO over CO, as the reactant for C,.
production at high current densities, O. Hinrichsen and co-
workers reported the performances of CO,RR and CORR on
gas diffusion electrodes using commercial Cu-powders as the
catalyst layer in a flow cell.”® The results showed that higher
current densities for C,. products can be achieved at lower
working electrode potentials in CORR compared to CO,RR.
Cu nanoparticles (NPs, 40-60 nm) achieved a C,. FE of 89%
at the current density of 300 mA cm™ in galvanostatic CO
electrolysis, while 34% FE (300 mA cm>) was obtained in
direct CO, electroreduction. Fig. 6f and g show the FE of
ethylene on Cu NPs of different sizes at various current
densities for CO,RR and CORR. In CORR, the maximum
ethylene FE of 54% was achieved using Cu NPs (40-60 nm)
but in CO,RR, a maximum FE of ethylene of only 32% on Cu
NPs (60-80 nm) was achieved. These results demonstrate that
the two-step conversion of CO, to C,. is definitely deserves to

React. Chem. Eng., 2021, 6, 612-628 | 617
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Fig. 5 (a) High-resolution TEM image of the oxide-derived (OD) Cu 1 electrode. (b) FEs of C,, products at various applied potentials. Reproduced
with permission.®? Copyright 2014, Nature Publishing Group. (c) TEM image of OD-Cu-500. (d) FEs of C,, products at -0.4 V vs. RHE in CO-
saturated 0.1 M KOH. Reproduced with permission.5! Copyright 2015, American Chemical Society. (e) SEM image of Cu nanowires produced by
hydrogen reduction at 150 °C (HR-150). (f) Product distribution of Cu nanowires (HR-150) depending on the electrode potential in CO electrolysis.
Reproduced with permission.®® Copyright 2017, American Chemical Society.

be further explored for any potential application in the
industry.

To date, although high FEs of C,, with high current
density have been achieved in CO electrolysis, the high
selectivity for single multicarbon oxygenate production is still
an open challenge. Our group reported freestanding high-
quality Cu nanosheets synthesized through solution-phase
synthesis.® As shown in Fig. 7a, the Cu nanosheets present a
two-dimensional (2D) triangular shape morphology with an
average edge length of 1.7 + 0.5 um. The HRTEM image in
Fig. 7b shows that Cu nanosheets selectively expose the

618 | React. Chem. Eng., 2021, 6, 612-628

Cu(111) surface. As a model catalyst for the electroreduction
of CO, highly selective CO-to-acetate conversion was achieved
on the Cu nanosheets, with the FE of acetate as high as 48%
at an acetate partial current density up to 131 mA cm™ in CO
electrolysis (Fig. 7c). Further experimental analysis and
computational studies suggested that the high acetate
selectivity is due to the suppression of ethylene and ethanol
formation, and the acetate formation goes through a ketene
intermediate. Jaramillo and co-worker proposed that
increasing the roughness factor (RF) of Cu catalysts can be
used to increase the rates of C,, production.”” CuO

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Schematic illustration of the flow-cell electrolyzer and the triple-phase boundary in the flow-cell reactor. (b) and (c) SEM images of
commercial micrometer copper and OD-Cu particles, respectively. (d) and (e) FEs of C,, for OD-Cu and micrometer copper, respectively.
Reproduced with permission.?* Copyright 2018, Nature Publishing Group. (f) FE of ethylene on different sizes of Cu NPs at various current densities
for CO,RR and CORR (g). Reproduced with permission.?> Copyright 2019, Elsevier.

nanosheets were prepared by oxidizing the surface of a
polished Cu foil. The as-synthesized CuO nanosheets were
reduced to metallic Cu nanosheets under electrochemical
conditions. The TEM images of CuO and Cu nanosheets are
shown in Fig. 7d and e, respectively. As shown in Fig. 7f, a
maximum FE of 60% was achieved for ethanol formation at
-0.33 V vs. RHE, which was believed to be benefited by
increasing the RF of the Cu catalyst to suppress hydrocarbon
and hydrogen production.

The development of catalysts that can convert CO to C,.
products with high selectivity at commercially relevant current
densities are highly desired, offering more choices for tandem
catalyst design in the two-step route of CO, to C,. reduction.
Undoubtedly, more mechanistic investigations are necessary for
the rational design of the catalysts available. The optimization
of reactor configurations and increasing the intrinsic activity
and selectivity of the electrocatalysts are effective routes for
improving the overall performance of CO, to C,, conversion.

4. Tandem catalysts

In recent years, tandem catalysis has been extensively explored
in thermal heterogeneous catalysis. Tandem catalysis can be

This journal is © The Royal Society of Chemistry 2021

achieved on dual catalyst systems or multifunctional catalysts
that have more than one type of active site.”” It is widely
accepted that CO is the key intermediate to C,; products in CO,
electroreduction. Therefore, tandem catalysis can be used in
CO, electrolysis where CO, was converted to CO on the first
catalyst or the active site and subsequently reduced to C,.
products by the second catalyst or the active site.* Cascade
(domino) catalysis avoids product separation and stop-and-go
operation. Tandem catalysts for CO, electrolysis can have a
vertically aligned layer-by-layer structure with two catalysts or a
single catalyst with more than one type of active site. As
discussed in the previous two section, the consideration for CO
production and for C-C coupling are necessary to design
tandem catalysts.

To rationally control the catalytic selectivity in CO,RR, Cu-Ag
composites with two types of active sites were employed for
shifting the selectivity toward the C,, products.”"”> Operando
Raman spectroscopy confirmed CO formation on the Ag sites
and subsequent CO spillover on the Cu surface for
hydrogenation.”* The Cu-Ag tandem catalysts were prepared by
oxide-derived Cu nanowires mixed with Ag nanoparticles. As
shown in Fig. 8a, CO was produced on Ag nanoparticles and
then spilled to Cu-Ag boundaries for C-C coupling to selectively

React. Chem. Eng., 2021, 6, 612-628 | 619
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Fig. 7 (a) TEM image and (b) HRTEM of the Cu nanosheets selectively exposing the {111} facets. (c) Total current density and FEs versus various applied
potentials for CO electrolysis on Cu nanosheets in 2 M KOH. Reproduced with permission.® Copyright 2019, Nature Publishing Group. (d) TEM image of
representative CuO nanosheets. (e) TEM image of Cu nanosheet after the reduction of CuO nanosheets. (f) FE of products and the geometric current
densities for CORR as functions of the applied potential. Reproduced with permission.”® Copyright 2019, Nature Publishing Group.

generate ethanol.”” Electrolysis was performed in 0.1 M KHCO.

Compared with the FEs of CO,RR products on OD-Cu NW
(Fig. 8b) and Ag-20 (meaning, Ag NPs with diameter of 20 nm,
Fig. 8c), Cu(Ag-20),o (meaning, Cu nanowire/Ag NPs composite
at the Ag/Cu nominal molar ratio of 20, Fig. 8d) showed a 5-fold
improvement in the ethanol current density. The computational
study showed the selective generation of ethanol via Langmuir-
Hinshelwood *CO + *CH, (x = 1, 2) coupling at the Cu-Ag
boundaries. Sun and co-worker prepared Au-bipy-Cu tandem
catalysts by assembled Au NPs on Cu nanowires using 4,4'-
bipyridine (bipy) as the linker (Fig. 8e).”* The TEM image shows
that the Au NPs were uniformly dispersed on Cu nanowires
(Fig. 8f). CO,-Saturated aqueous 0.1 M KHCO; was used as the
electrolyte. In addition to the tandem catalytic effect to improve
the C,, formation, bipy also promotes the catalytic performance
in CO, electroreduction. Au-bipy-Cu-1/2 (Au/Cu = 1/2) achieved
a CH;CHO FE of 25%, which is the highest aldehyde selectivity
ever reported for CORR and CO,RR (Fig. 8g). The assembly
strategy offers plenty of room for designing tandem catalysts
with tunable catalytic selectivity in CO,RR. Tandem catalysis
can also be achieved on multicomponent catalysts with more
than one type of active site. Ag;—Cuy; (meaning that the mass
ratio of Cu to Ag is 1.1) nanodimers (NDs) were prepared by a
seeded-growth approach using Ag NPs as the nucleation
seeds.”* The HAADF-STEM image (Fig. 8h) reveals the
nanoparticles containing two domains, Ag and Cu. The EDS
mapping confirmed a segregated distribution of Ag and Cu in
the same nanoparticle (Fig. 8i). The CO,RR was performed in

620 | React. Chem. Eng., 2021, 6, 612-628

CO,-saturated 0.1 M KHCOj; solution. The C,H, FE of ~40%
(Fig. 8j) was obtained on the Ag;—Cu;; NDs because of tandem
catalysis and electronic effects. This work demonstrated that
tandem catalysis can be achieved by designing multicomponent
catalysts.

Due to its relatively low cost (vs. precious metals),
commercial ZnO has been explored as a CO-selective catalyst.
Inspired by the higher efficiency of the plug flow reactor, Wu
and co-workers designed layer-by-layer tandem catalysts with
the ZnO catalyst layered on top of the Cu catalyst layer, as
shown in Fig. 9a.”” The Cu-ZnO tandem electrodes were used
in a flow-cell with 1 M KOH electrolyte; the CO,-to-CO
conversion occurred on the ZnO catalyst layer and resulted in
CO being subsequently reduced to C,, products in the Cu
catalyst layer. The rates of C,, products on Cu-ZnO tandem
catalysts were superior to those on bare Cu electrode and other
Cu- and Zn-based bimetallic catalysts (Fig. 9b). The optimal
Cuy ¢/Zn0y 5o (meaning, the loading of 1.0 mg cm 2 Cu and 0.20
mg cm> ZnO) tandem catalysts exhibited a maximum FE of
78% for C,. products with C,. partial current density up to 466
mA cm 2 The enhanced CO,-t0-C,. yield was attributed to the
breaking of the linear scaling relations because of the
segregated active sites. This work highlighted the importance of
spatial management in tandem catalyst design. Tandem gold
on copper electrocatalyst (Fig. 9¢) was explored to improve the
activity and selectivity towards alcohols in CO,RR.”®
Electrochemical experiments were performed in 0.1 M KHCOs;.
As shown in Fig. 9d, the Au/Cu tandem catalyst favored the

This journal is © The Royal Society of Chemistry 2021
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(@) Schematic illustration of the copper-silver composite for enhancing the selectivity of ethanol. FEs of CO,RR products on (b) OD-Cu

NW, (c) Ag-20, and (d) Cu(Ag-20),0. Reproduced with permission.”> Copyright 2020, American Chemical Society. (e) Schematic of the Au-bipy-Cu
composite catalyst. (f) TEM image of Au-bipy-Cu-1/1. (g) FEs of the products of Au-Cu-bipy catalysts for CO,RR at various potentials. Reproduced
with permission.”® Copyright 2019, John Wiley and Sons. (h) HAADF-STEM image of Ag;-Cu, ; nanodimers (NDs). (i) EDX elemental map of Ag;-
Cuy; NDs. (j) FEs of the CO,RR products on Ag;-Cus; NDs. Reproduced with permission.”* Copyright 2019, American Chemical Society.

production of alcohols over hydrocarbons. The rate of CO,RR to
>2e products (ie., excluding HCOOH, CO, and H,) on the Au/
Cu tandem catalyst was over 100 times higher than that on
copper at low overpotentials, which may be due to the high local
concentration of CO (derived from CO,-CO conversion on
neighboring Au) on the copper surface to accelerate the rate of
C-C coupling. Remarkably, the local concentration of CO near
the tandem catalyst surface reached its saturation limit, which
is difficult to achieve in CO reduction.

As mentioned in section 2, molecular electrocatalysts (e.g.,
metal phthalocyanine and metal tetraphenylporphyrin) have
attracted great attention for CO,-to-CO conversion. The catalytic
performance can be tuned to the electronic structure of the
active sites by the ligands and the central metal atoms. As
shown in Fig. 10a, the molecule-metal composite was designed
by anchoring the molecular complex on the Cu surface.”” The
porphyrin-based metallic complex can efficiently convert CO, to

This journal is © The Royal Society of Chemistry 2021

CO, which creates the CO-rich local environment for facilitating
C-C coupling and even optimizes the reaction pathway for
ethanol. Therefore, ethanol FE of 41% (Fig. 10b) and partial
current density of 124 mA cm™> (Fig. 10c) were achieved on the
FeTPP[CI[/Cu  (meaning, 5,10,15,20-tetraphenyl-21H,23H-
porphine iron(ur) chloride was immobilized on the Cu electrode)
tandem catalysts at —0.82 V (vs. RHE) using 1 M KHCO; as the
electrolyte. This work demonstrated the potential of molecular-
complex/copper tandem catalysts to selectively produce C,,
products via enriched intermediates at the interfaces. Unlike
the composites tandem catalysts with multi-sites at the
nanoscale mentioned earlier, the layer-by-layer and physical
mixture tandem catalysts were also extensively explored in CO,
electrolysis. The CuspoAgio0o (Meaning, the Cu-Ag tandem
catalyst with 500 ug cm™ Cu and 1000 pg cm™> Ag) catalyst was
prepared by a physical mixture of Cu and Ag nanopowders.”®
The cross-section SEM image of CusooAgio00 (Fig. 10d) shows

React. Chem. Eng., 2021, 6, 612-628 | 621
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Fig. 9 (a) Schematic illustration of the layered structure of the tandem catalysts in the two-step conversion of CO, to C,,. (b) FEs and current
densities of C,, on Cu/ZnO tandem catalyst and Cu and ZnO combination catalysts. Reproduced with permission.”> Copyright 2020, Elsevier. (c)
SEM image of the gold nanoparticles on a polycrystalline copper foil (Au/Cu) catalyst, scale bars: 100 nm, insets: 20 nm. (d) Rate of CO, reduction
to >2e” products of Au/Cu, copper, and gold catalysts. Reproduced with permission.”® Copyright 2018, Nature Publishing Group.

that the thickness of the catalyst layer on carbon paper was
several microns. The partial current densities of C,. products
on the CusgpAgi000 tandem catalysts is 160 mA em? at —0.7 V
using 1.0 M KOH as the electrolyte, while the partial current
densities of C,, products on the Cus, catalysts are only about
37 mA em™ (Fig. 10e). Interestingly, the partial current densities
of C,. products on CusnoAgi000 Were much higher than that of
Cusgo and Agjggo. To analyze the distribution of the C,, product
(Fig. 10f), the enhancement factor (EF) was defined by the
partial current on tandem CusgpAg1000 divided by that on the
Cusg, catalyst. Oxygenate products (ethanol and acetate) were
favored over ethylene on the CusooAgi000 tandem catalyst, which
was consistent with the previous reports.*”>" Wu and co-worker
designed layer-by-layer Cu-Ag tandem electrodes for efficiently
converting CO, to C,. products.” The structure of the Cu/Ag
tandem electrodes is shown in Fig. 10g; the top Ag layer and
bottom Cu layer are presented in the EDS elemental maps. The
cross-section SEM image shows that the thickness of the
catalyst layer is about 2 um. The performance of CO,RR was
evaluated in 1.0 M KOH. The Cu/Ag (0.8 mg cm /0.2 mg cm )
tandem catalysts achieved the highest C,, FE of 87% at —0.78 V
among all the Cu/Ag tandem electrodes and pure Cu electrode
(Fig. 10h). It has been proved that the Ni-N-C catalysts are
highly active for the production of CO from CO, reduction.
Therefore, Ni-N-C was used as CO-selective catalyst layers in

622 | React. Chem. Eng., 2021, 6, 612-628

the tandem electrodes. Fig. 10i shows the cross-sectional SEM
image and the EDS mapping images for Cu/Ni-N-C tandem
catalysts. The maximum C,, selectivity of Cu/Ni-N-C tandem
catalysts is lower than that of Cu/Ag (Fig. 10j). But the optimized
Cu/Ni-N-C tandem catalysts achieved an FE of 62% for C,H,
with a partial current density of 415 mA cm™. The Cu-based/
molecular-complex and Cu/M-N-C tandem catalysts have plenty
of room to explore for improving the selectivity and activity of
C,. products in CO, electroreduction.

Besides CO,-to-C,, conversion, CO,-to-methane (CH,)
production can also be achieved on tandem catalysts. The
electrochemical reduction of CO, to CH,; is another
promising route for carbon utilization. Recently, Wang and
co-workers developed a CoPc/Zn-N-C tandem catalyst for
CH, production.®* The HAADF-STEM image (Fig. 11a) of Zn-
N-C shows that the single Zn atoms were distributed in the
N-C framework. For the CoPc/Zn-N-C tandem catalyst
toward CO,RR, the CO, is first reduced into CO on CoPc and
then CO spills over onto Zn-N-C for further reduction to
CH,. The CH, FE of 18.3% (Fig. 11b) and maximum CH,
current density of 44.3 mA cm ™ (Fig. 11c) were achieved on
the tandem catalysts at —1.24 V vs. RHE using 1 M KOH as
the electrolyte. The high CH, production rate was attributed
to the CoPc-enhanced availability of *H over adjacent N sites
in Zn-N,.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (a) Schematic illustration of Cu-molecular complexes tandem catalysts for ethanol production. (b) FEs of ethanol on FeTPP[CI]/Cu and Cu
catalysts at various applied potentials. (c) Partial current densities of ethanol on FeTPP[Cl]/Cu and the Cu catalysts. Reproduced with permission.”
Copyright 2019, Nature Publishing Group. (d) Cross-sectional SEM image of the CusopAgio00 Catalyst supported on carbon paper. (e) The partial
current density of C,, products versus various applied potentials on CuspoAgi000. CUsoo, and Adipoo catalysts. (f) An enhancement factor of total
C,. and individual products at various applied potentials on the tandem CusooAgi000. Reproduced with permission.”® Copyright 2020, Elsevier. (g)
Cross-sectional SEM image (scale bars: 4 um) and EDS mapping (scale bars: 5 um) of the Cu/Ag tandem catalyst. (h) FEs of C,, products on various
Cu/Ag tandem catalysts. (i) Cross-sectional SEM image and EDS mapping of the Cu/Ni-N-C tandem catalyst. (j) FEs of C,, products on various Cu/
Ni-N-C tandem catalysts. Reproduced with permission.”® Copyright 2020, Elsevier.

CO, and CO co-exist at the C-C coupling site of the
tandem catalyst but whether the presence of CO promotes
the coupling rate of CO, is unknown. CuO,/Ni-N-C tandem
catalysts (Fig. 11d) were explored for ethylene production in
0.1 M KHCO; electrolyte.®" As shown in Fig. 11e, the C,H,
production rates were significantly enhanced when the CO,/
CO mixture was used as the feedstock. The CuO,/Ni-N-C
tandem catalysts were used for CO,RR by mimicking the
CO,/CO mixture feeding. Interestingly, enhanced C,H,

This journal is © The Royal Society of Chemistry 2021

production rates (Fig. 11f) were achieved on CuO,/Ni-N-C
tandem catalysts compared to pure CuO, NPs. The reason is
well-known, i.e., high local CO concentration increases the
*CO coverages on the catalysts surface for enhancing the
dimerization rates. A modular synthetic approach was
proposed to design the tandem catalysts for CO reduction in
0.1 M KOH electrolyte. Thiol-terminated metalloporphyrins
were self-assembled on copper electrodes to construct the
molecule-metal interfaces (Fig. 11g).%* The FE of ethanol and

React. Chem. Eng., 2021, 6, 612-628 | 623
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Fig. 11 (a) HAADF-STEM image of Zn-N-C. (b) FEs of CH,4 on different catalysts at various applied potentials. (c) The partial current density of CH, on
different catalysts at various applied potentials. Reproduced with permission.8% Copyright 2019, John Wiley and Sons. (d) Schematic of CuO,~Ni-N-C
tandem catalysts for ethylene production. (e) Production rates of ethylene with a different feed ratio of CO,/CO. (f) Ethylene production rate on different
catalysts at various applied potentials. Reproduced with permission.8! Copyright 2019, Nature Publishing Group. (g) Schematic of the functionalization of
Cu surfaces with porphyrin cages. (h) FEs of C,, products on Cu-porphyrin with different linker lengths in CO electrolysis. (i) FEs of ethanol on Cu-H,PC,-
SH and Cu-FePC,SH in CO-saturated 0.1 M KOH (aq). Reproduced with permission.® Copyright 2017, American Chemical Society.

acetate in CO reduction can be regulated via the linker
lengths of porphyrin (Fig. 11h). The highest ethanol FE of
52% was obtained on the Cu/FePC,SH catalyst at —0.5 V vs.
RHE (Fig. 11i). Although this tandem catalyst was used in
CORR, it could be an important model for designing tandem
catalysts towards CO,RR.

The tandem catalysis for CO,-to-C,; conversion is a
powerful approach to close the anthropogenic carbon cycle
and the production of chemicals. The tandem catalysis can
be achieved on one single particle with more than one type
of active site (e.g., Cu-Ag nanodimers), layer-by-layer tandem
electrode, physical mixing of different catalysts, and assembly
composites (e.g., Au-bipy-Cu). Developing tandem catalysts
to improve the formation rates of overall C,. products or a
specific C,, product at commercially relevant -current
densities with high FE are desired for the production of
chemicals and storage of renewable electricity. To date, most
tandem catalysts have been employed in H-cell and flow-cell

624 | React. Chem. Eng., 2021, 6, 612-628

for CO,RR. The MEA-based electrochemical cell uses a solid
electrolyte instead of a liquid electrolyte, thus avoiding the
further separation of products from the liquid electrolyte.
Therefore, the tandem catalysis strategy applied in the MEA
electrolyzer may enable CO,RR implementation in industries.

5. Tandem reaction systems

Unlike the tandem catalysts where the two-step reactions occur
in one electrochemical cell, tandem reaction systems were
designed to facilitate two-step CO, electrochemical reductions
in two separate electrochemical cells. As shown in Fig. 12a, CO,-
to-CO conversion occurred in the first flow cell with the Ag
catalyst layer, and then the output stream of CO, H,, and CO,
(unreacted in the previous step) was separated through the
absorption column.** The gaseous product output (CO and H,)
from the absorption column was fed into the second
electrolyzer using Cu as the catalyst for the production of C,..

This journal is © The Royal Society of Chemistry 2021
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The two-step reactions were performed in two separated
electrolyzers using different electrolytes, the first one (CO,-to-
CO) with a non-alkaline electrolyte and the second one (CO-to-
C,) with an alkaline electrolyte, thus circumventing the
problem of consuming hydroxide to form carbonate by CO,
when an alkaline electrolyte is used for CO,RR. Whether or not
an absorption column is used between two electrolyzers can
change the overall performance of CO,RR. With a CO,
absorption column, the FE of the C,, product was increased
twice compared to that without the absorption step (Fig. 12b).
After two hours of electrolysis, the FE of C,H, was slightly
decreased while the FEs of ethanol and n-propanol remained
stable compared with the one hour electrolysis (Fig. 12c).
Moreover, CO,-to-CO conversion at the first step required a
higher working electrode potential than that required by CO-to-
C,. conversion at the second step. The overall FE of the C,,
products obtained from the two-step electrolysis in the tandem
reactors was nearly two times higher than that obtained from
the single-step electrochemical reduction of pure CO, (Fig. 12d).

It was proved that the alkaline electrolyte can improve the
selectivity and formation rates of C,, products in CO,RR and
CORR. Therefore, the second step for the reduction of CO to
C,. can be performed in alkaline electrolytes to improve the

This journal is © The Royal Society of Chemistry 2021

overall performance of CO,RR in tandem reaction systems.
To increase the concentration of CO in the output of the first
step, CO-selective catalysts with high single-pass conversion
are desired, which can reduce the separation cost and
improve the overall performance. Jiao and co-workers
optimized the test conditions and achieved maximum single-
pass CO, conversion. The maximum amount of CO, being
reduced to CO was limited to 43% in the flow cell.**

6. Conclusion and outlook

Herein, we discussed the advantages of the two-step
approach for CO,RR as well as many applicable strategies
(e.g., nanostructuring, alloying, phase engineering, grain
boundary engineering, and crystal facet engineering) to
improve the intrinsic activity of the catalysts for CO,RR/
CORR.?' To enable the two-step CO,RR, both tandem
catalysis in a single reactor and tandem reactors have been
explored. The most important thing is that the two-step
approach can avoid the problem of carbonate formation in
the alkaline electrolyte, which is a major hurdle in the direct
CO,RR to C,., while taking the advantage of alkaline
electrolytes for promoting the rate of C-C coupling in CO-to-
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C,, conversion. To push CO,RR closer to commercialization,
we would like to emphasize the following directions: (1)
development of stable copper-based catalysts that can work
during long-term  operation, (2) optimizing the
microstructure of the tandem catalyst and the structure of
the tandem electrode for the effective production of C,., (3)
increasing the single-pass CO,-to-CO conversion, (4)
incorporation of a tandem catalysis strategy into MEA-based
electrochemical cells to avoid product separation and
concentration processes from liquid electrolytes, (5) reactor
engineering, and (6) possible coupling of other useful
reactions with CO,RR to produce chemicals.

Chemical production through CO,RR 1is not yet
competitive to be employed in the petrochemical industry.
Due to the fact that fossil fuels on Earth are depleting, the
most promising alternative energy system, hydrogen
economy, however, does not have the capability to directly
provide the necessary daily chemicals that the petrochemical
industry is providing. In that case, CO,RR may be our only
option for the sustainable production of necessary chemicals.
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