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Abstract

Electrochemical conversion of carbon dioxide into fuel and chemicals with added value represents an appealing approach
to reduce the greenhouse effect and realize a carbon-neutral cycle, which has great potential in mitigating global warming
and effectively storing renewable energy. The electrochemical CO, reduction reaction (CO,RR) usually involves multiproton
coupling and multielectron transfer in aqueous electrolytes to form multicarbon products (C,, products), but it competes with
the hydrogen evolution reaction (HER), which results in intrinsically sluggish kinetics and a complex reaction mechanism and
places higher requirements on the design of catalysts. In this review, the advantages of electrochemical CO, reduction are briefly
introduced, and then, different categories of Cu-based catalysts, including monometallic Cu catalysts, bimetallic catalysts,
metal-organic frameworks (MOFs) along with MOF-derived catalysts and other catalysts, are summarized in terms of their
synthesis method and conversion of CO, to C,, products in aqueous solution. The catalytic mechanisms of these catalysts are
subsequently discussed for rational design of more efficient catalysts. In response to the mechanisms, several material strategies
to enhance the catalytic behaviors are proposed, including surface facet engineering, interface engineering, utilization of strong
metal-support interactions and surface modification. Based on the above strategies, challenges and prospects are proposed for

the future development of CO,RR catalysts for industrial applications.
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1 Introduction

In the past century, the concentration of carbon dioxide in
the atmosphere has been dramatically increased due to the
excessive burning of fossil fuels. CO, emissions continue to
steadily grow from 280 ppm (1 ppm = 1 x 107°) before the
industrial revolution to 419 ppm in 2019 and lead to serious
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environmental problems that threaten human’s sustainable
development [1—4]. In this context, intensive research efforts
have been devoted to reducing CO, emissions and exploring
new technologies for the separation, capture and conversion of
CO, via electrocatalysis, photocatalysis and biological hybrids
[5-13]. Among them, electrochemical reduction of CO, has
attracted more attention in recent years due to its advantages
of a simple system structure, mild reaction conditions, easy
modularization and controllable conversion scale [14]. In the
electrochemical CO, reduction process, carbon dioxide mol-
ecules and water molecules can be converted into valuable
compounds (e.g., carbon monoxide, formic acid, methane,
methanol, ethanol, ethylene and glycol ethylene) by using
electricity generated by renewable energy (wind energy, solar
energy and tidal energy). Such a process can realize efficient
storage of electric energy and reduction of carbon dioxide
emission, which has broad application prospects [15—19].
CO, is a linear central symmetric molecule and has
two C=0 bonds with a 116.3 pm bond length, which is
shorter than those of C—O bonds and other multibond
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functional groups [20]. Therefore, the bond energies are
higher in the CO, molecule, and higher energy (approximately
800 kJ mol ™) than for other carbonyl groups is required to
dissociate the C=0 bond. As a result, CO, molecules are very
stable and react with H,O molecules only under severe condi-
tions (high temperature, high pressure and high potential) [21,
22]. The electrochemical CO, reduction reaction (CO,RR)
involves multiple proton-coupled electron transfer steps (2¢”,
4e”, 6~ and 8¢") to yield a series of products, leading to slow
reaction kinetics and a complicated reaction mechanism. In
addition, electrocatalytic reduction of CO, in aqueous solution
usually competes with the hydrogen evolution reaction (HER),
which causes decreased energy efficiency [23-25].

Due to the complexity of the final products for the CO,RR,
the single-chamber electrolytic cell cannot meet the require-
ments. The CO,RR in aqueous solution is usually performed
in a three-electrode system of an H-type electrolytic cell. As
shown in Fig. 1, the typical cell includes a working electrode,
a counter electrode, a reference electrode and an ion exchange
membrane to separate the cathode and anode reactions. Nota-
bly, the working electrode and the reference electrode are in
the cathode cell, whereas the counter electrode is in the anode
cell. The CO,RR occurs at the cathode, and the oxygen evolu-
tion reaction (OER) occurs at the anode. Carbon dioxide gas
is bubbled into the cathode cell, and the gas product directly
enters into the gas chromatograph. The electrolyte contains
positive and negative charges to promote the transport of CO,
to the surface of the electrocatalyst and affect the energy bar-
rier of CO, reduction. The ion exchange membrane separates
the oxidation and reduction products and transfers protons to
the cathode while maintaining charge balance. This device is
simple and easy to operate with excellent gas tightness and
good controllability, which is suitable for studying the intrin-
sic characteristics of catalysts [20].

Membrane

CO,+H,0

CH Products

Anode Cathode

Electrolyte

Fig. 1 Typical electrochemical CO,RR system
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The CO,RR usually involves three steps at the interface
between the catalyst surface and the electrolyte: (i) CO, mol-
ecules adsorb on the catalyst surface; (ii) intermediate prod-
ucts are reduced to form C-O, C-H or C-C bonds; and (iii)
the new intermediates are recombined and then desorb from
the electrode surface to form the product and diffuse into the
electrolyte. The CO,RR operates under mild reaction condi-
tions and converts CO, into value-added fuels without high
temperature and high pressure.

Important Parameters of the CO,RR Metal atoms (or ions)
are the active centers for most of the CO,RR. During the
reduction process, CO, adsorbs on the active center by taking
advantage of the weak electrophilicity of CO, molecules and
is then reduced by electrons from the cathode (usually accom-
panied by proton coupling), inducing the C=0 bond to open
and forming the C—H bond or C—C bond. For the CO,RR,
performance optimization should be considered mainly from
the aspects of the following parameters.

(1) Onset potential

The onset potential is the potential applied between
the working electrode and the reference electrode that
is required to drive the CO,RR. In general, the voltage
at the transition junction between the thermodynamic
control region and the kinetic control region is defined
as the onset potential, which is usually lower than the
equilibrium potential of the CO,RR [26].

(2) Current density (j)

The current density represents the number of trans-
ferred electrons passing through the electrolyte and elec-
trode barrier per unit area per unit time, which reflects
the kinetic rate of electrochemical transformation [27].
The current density is normalized to the mass or sur-
face area of the catalyst and is an essential indicator of
the reaction rate on a specific electrocatalyst. For the
CO,RR, the overall current density is usually calculated
by dividing the current by the geometric surface area
of the working electrode. Therefore, the current density
can be significantly increased by using nanostructured
electrode materials with a large actual surface area while
keeping the geometric area constant.

(3) Overpotential (77)

The overpotential is the difference between the actual
potential of the reaction and the thermodynamic equi-
librium potential, which reflects the efficiency of the
conversion of electrical energy to chemical energy dur-
ing electrolysis. The rapid consumption of substrate
molecules near the electrode and the activation of the
catalyst result in an overpotential [28]. The overpotential
is closely related to the current density. The substrate
molecules are consumed more rapidly on the electrode
surface as the current density increases, and then, the
reaction kinetics become more restricted to the diffusion
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process, which leads to an increase in the overpotential.
The overpotential is an important parameter to evaluate
the catalytic performance of electrocatalysts and is sus-
ceptible to environmental factors (solvent, temperature
and electrolyte pH).

Faradaic efficiency for specific products (FE)

The Faradaic efficiency (FE) for a certain product is
the percentage of electrons consumed to produce the
specific product, which reflects the selectivity for the
specific product [29, 30]. The FE for a specific product
is calculated using the following equation:

FE = anl’ _anF

j(mAcm—z) X 1(s) 0

where a is the transferred electron number (e.g., a=2is
the electron number for electrochemical reduction from
CO, to CO), n refers to the mole number of a given
product, F is Faraday’s constant (96 500 C mol™), Qs
the amount of charge for a specific reaction (C), and j
is calculated to normalize the FE to the amount of cata-
lysts or electrochemically active surface area; the FE is
the key indicator of the specific electrocatalyst reaction
rate. A high FE (> 80%) for the specific product is one
of the most important requirements for an ideal CO,RR
electrocatalyst.
Tafel slope

The Tafel slope is an important parameter to evaluate
the performance of electrocatalysts. According to the
Butler-Volmer equation, Tafel plots can correlate the
overpotential of the reduction reaction with the current
density, and the equation is as follows:

—2.3RT .0) ( 2.3RT
=(——1 +
< anF °8J ankF

logj) =a+blogj

where j° is the exchange current density, « is the mass
transfer coefficient, n is the number of transferred elec-
trons, F is Faraday’s constant, R is the gas constant
(8.314 J K~! mol™!), and T'is the thermodynamic tem-
perature. The Tafel slope is determined based on the
specific product and is an analytical indicator to reflect
the rate-determining process.
Energy efficiency (EE)

The energy efficiency (EE) is defined as the total
energy utilization for the required product. The equa-
tion is as follows:

E

E X € Faradaic
eq+n

8energetic =

)

where E, is the equilibrium potential and 7 is the over-
potential. A high EE of CO, reduction is based on a low
overpotential and a high FE.

Stability

In addition to activity and selectivity, stability is
another important parameter to evaluate an electrocat-
alyst for its practical application. Stability is usually
evaluated by cyclic voltammetry (CV), chronoamper-
ometry (CA) or chronopotentiometry (CP). The study
of the stability of electrocatalysts and the understand-
ing of their degradation mechanisms are beneficial for
further optimization of electrocatalysts.

The CO,RR usually involves multiproton coupling
and multielectron transfer in aqueous electrolytes,
varying from 2e” to 18e” to form different products
C, (CO, HCOOH, HCHO, CH;0OH and CH,) and C,
(CH5;COOH, C,H, and CH,CH,OH) [31, 32]. Table 1
summarizes the CO,RR products of some chemical
reactions.

During the CO,RR process, there is a relatively high

energy barrier to initiate the CO,RR. Therefore, appropri-
ate electrocatalysts should be selected to reduce the reaction
energy barrier and improve the catalytic activity and product
selectivity. On the catalysts, the CO,RR proceeds via three
elemental steps: first, CO, adsorbs on the metal electrode in

Table 1 Standard potentials for electrochemical reduction of CO,

Reaction pathways Potential
(vs. SHE)/
Ve
CO,(g) + 4H* + 4e~ = C(s) + 2H,0(1) 0.210
CO,(g) + 2H,0(l) + 4e~ — C(s) + 4OH~ —-0.627
CO,(g) + 2H* + 2e~ - HCOOH(1) —-0.250
CO,(g) + H,O(1) + 2e~ —» HCOO™ (aq) + OH™ —-1.028
CO,(g) + 2H* + 2e~ - CO(g) + H,0() —-0.106
CO,(g) + H,O0() + 2~ - CO(g) + 20H~ —-0.934
CO,(g) + 4H* + 4e~ - CH,0(l) + H,O -0.070
CO,(g) + 3H,0(1) + 4e~ — CH,0 +40H" —0.898
CO,(g) + 6H* + 6e~ - CH,OH(1) + H,O 0.016
CO,(g) + 5SH,0(1) + 6e~ — CH;OH(1) + 60H™ -0.812
CO,(g) + 8H* + 8¢~ — CH,(g) + 2H,0 0.169
CO,(g) + 6H,0(1) + 8¢~ — CH,(g) + 80OH™ —-0.659
2CO,(g) + 2H" + 2e~ - H,C,0,(aq) —0.500
2C0,(g) +2¢~ — C,0%"(aq) ~0.590
2CO,(g) + 12H* + 12e~ — CH,CH,(g) + 4H,0 0.064
2C0O,(g) + 8H,0(1) + 12¢~ — CH,CH,(g) + 120H~ —-0.764
2CO,(g) + 12H* + 12¢~ - CH;CH,OH(l) + 3H,0(1) 0.084
2CO,(g) +9H,0(1) + 12¢~ — CH;CH,OH(]) + 120H™ -0.744

*Equilibrium potential at 25 °C and 100 kPa, proton activity of
1 mol L™
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aqueous solution; subsequently, an electron transfers to CO,
to generate a *CO," intermediate, which is considered the
decisive step of the reaction [31, 32]; and finally, *CO," is
further reduced to the final product. Electrocatalysts for CO,
reduction can be divided into the categories of metal catalysts,
nonmetal catalysts and molecular catalysts, among which
metal nanocatalysts have attracted particular attention due to
their novel physical and chemical properties [33]. In addition,
a high catalytic surface area and more active sites with edges
and corners or low coordination endow metal nanocatalysts
with completely different catalytic behaviors than flat surfaces
and bulk metals with complete coordination [34, 35]. In 1985,
Hori et al. systematically studied the performance of multiple
metal electrodes for the CO,RR [36-39]. After analyzing the
products, these metals could be divided into four categories
based on the different reduction products. (i) Metals such as
Pt, Ni, Fe and Co, which had low hydrogen-producing over-
potential and strong adsorption of carbon monoxide inter-
mediates. The strong affinity of CO hindered the removal of
intermediates and thus resulted in the inaccessibility of active
sites for CO, adsorption. As a result, these metals were more
suitable for the HER (e.g., Pt was a very good catalyst for the
HER) compared with transition metal catalysts. (ii) Sn, Pb, Bi,
In and other metal electrodes, on which the main product was
formate with a small amount of CO and CH,. This occurred
because the CO, ™ intermediate was difficult to adsorb but eas-
ily protonated after desorption and converted into formic acid
or formate on these metals. (iii) Au, Ag, Zn, etc., which could
catalyze CO, reduction to produce CO and a small amount
of formic acid. These metals could adsorb the CO,™ inter-
mediate and break the C—O bond to form carbon monoxide,
which could easily desorb from the electrode surface as the
main product. (iv) Copper, which was the only metal element
that could generate C,—C; hydrocarbon products due to its
moderate adsorption energy for carbon monoxide. Carbon
monoxide adsorbed on the electrode surface was hydrogen-
ated to form a COH or CHO intermediate, and a C—C bond
was further formed to obtain C,, products. The products of
Cu electrodes mainly included methane, formic acid and
hydrogen, in addition to a small amount of CO. Beyond that,
a C, product (e.g., ethylene) with an FE up to 20% at 40 °C
was also detected on the surface of Cu electrodes [37]. Then,
C, (e.g., C,H;OH) and C; (C;H,OH) products were further
confirmed to be detected on Cu electrodes [38, 39]. Reduction
products were also detected on the surface of Cu catalysts for
the CO,RR (electrolyte solution: 0.1 mol L™ KHCO;, volt-
age range: from —0.7 to—1.2 V versus reversible hydrogen
electrode (RHE)), in which there were four C, products, seven
C, products and five C; products [40]. The reasons for the
differences in the products of carbon dioxide reduction cata-
lyzed by metal catalysts have been systematically researched
[41]. The CO,RR involves multiple steps that occur on the
surface of metal catalysts. The absorption of carbon dioxide
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intermediates on metal catalysts (adsorbed on the surface) is
a key factor that determines the type of catalytic products. Au,
Ag, Zn and other transition metals have weak absorption of
carbon dioxide intermediates, and the catalytic reaction has a
high initial potential. Generally, after adsorption and activa-
tion of carbon dioxide on the surface of metal catalysts, only
one C=0 bond can be broken to form CO and then release
the products after desorption of the intermediate. The CO,RR
on Cu catalysts is more complex, on which the absorption of
the CO,RR intermediate is neither too strong nor too weak. In
addition, Cu catalysts can break the C=0 bond and produce
hydrocarbons or even ethanol and propylene. These C, prod-
ucts as raw materials for many industrial production processes
are more valuable than HCOOH and CO. However, due to
the complexity and difficulty of multielectron reactions, the
amount of ethanol and propylene in the products was rela-
tively low [42], and designing Cu-based catalysts with high
selectivity and activity for the electroreduction of CO, is very
important. In this review, we focus on Cu-based catalysts in
terms of their synthesis method and the conversion of CO,
to C,, products, the possible reaction mechanism, and the
material strategies toward designing catalysts with improved
selectivity for the reaction to C,, products.

2 Representative Catalysts and Synthesis
Methods

The CO,RR is one of the most powerful means of artificial
photosynthesis. During the electrocatalytic reduction process,
an external bias is applied to the electrocatalysts for electrore-
duction of carbon dioxide molecules that adsorb on the surface
of catalysts to value-added products (C,H,, C,HsOH, etc.). In
general, electrocatalysts for the CO,RR reported include the
following categories: monometallic Cu catalysts, bimetallic
Cu-based catalysts, metal—-organic frameworks (MOFs) along
with MOF-derived catalysts and other catalysts, which can
convert CO, to C,, products.

2.1 Monometallic Cu Nanocatalysts

In the past few decades, metal catalysts (e.g., Au, Ag, Sn and
Cu) have been extensively studied for the electrocatalytic
reduction of carbon dioxide [43—46]. The empty d orbital
in the metal element can coordinate with CO, in the elec-
trochemical reaction to reduce the energy of the C=0 bond,
thus catalyzing the CO,RR. In most cases, the formation of
CO, reactive intermediates is considered to be the rate-deter-
mining step in the CO, reduction process. Therefore, one of
the most important functions of electrocatalysts is to stabi-
lize the intermediates to achieve high reaction efficiency. The
surface of a transition metal is more complex in the CO,RR
process. Although bulk metals exhibit good catalytic activity
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for electrochemical CO, reduction, they are susceptible to poi-
soning and deactivation due to their low specific surface area.
Metal nanocatalysts with a high specific surface area, abun-
dant active sites and low ligand sites are more appealing and
have shown great application potential in the electrochemical
reduction of CO,. Copper, as the only metal for the CO,RR
to C, and multicarbon products (C,H,, C,H;OH, CH;COO™,
n-C;H,0OH, etc.), has been extensively studied.

At present, numerous monometallic Cu catalysts with
various morphologies/nanostructures have been reported,
including Cu nanoparticles (Cu NPs) [47], Cu nanowires (Cu
NWs) [48, 49] and three-dimensional (3D) Cu foam [42, 50],
on which the catalytic performance highly depends on their
surface properties. For the preparation of Cu NPs, the solvo-
thermal method is commonly used. In the work conducted by
Strasser’s group, a monodispersed Cu NP catalyst with con-
trollable size was prepared by reverse micelle encapsulation.
The poly(styrene)-block-poly(2-vinylpyridine) (PS-P2VP)
diblock copolymer with polar head (PVP) and nonpolar tail
(PS) blocks was dissolved in nonpolar toluene to form reverse
micelles, and the size of the NPs could be well tuned by
adjusting the metal salt/PVP ratio or the molecular weight of
the PVP head [51]. Uniform Cu NPs with sizes ranging from
2 to 15 nm were systematically investigated, and the results
showed that the overall current density of the CO,RR on the
Cu NP catalyst displayed a sharp enhancement compared with
that on bulk Cu electrodes, especially for Cu NPs below 5 nm.
The main reaction products were hydrogen, carbon monoxide,
methane and ethylene. The selectivity for specific products in
the CO,RR was found to be highly correlated with the size
of the NPs, and the formation of hydrocarbons (methane and
ethylene) was inhibited on the Cu NPs, particularly for NPs
below 5 nm; HER was the dominant reaction, and the FE
reached over 60%. Although Cu NPs are more selective for the
CO product, the FEs for CO, reduction are generally lower.
Larger Cu NPs of 40-60 nm were examined, and the ratio of
the FEs for ethylene to methane was found to be 51.2 [52].
Cu nanospheres and nanocubes (Cu NCs) with different sizes
(7.5 nm and 27 nm for Cu nanospheres and 24 nm, 44 nm and
63 nm for Cu NCs) were synthesized by using the same col-
loidal chemistry method. Their performance comparison for
the CO,RR revealed that the activity increased with decreas-
ing NP size in the same morphology. However, the large-size
Cu NCs (44 nm) had a higher performance in ethylene pro-
duction than the small-size Cu nanospheres (27 nm). The FE
for ethylene on Cu NCs reached 41%, twice that for methane
[53]. Using the solvothermal method and tetradecyl phospho-
nic acid as a surface ligand, Cu NPs with a size of 6.7 nm
were synthesized by reducing copper precursors at high tem-
perature [54]. Scanning electron microscopy (SEM) images
showed that monodispersed Cu NPs were loaded onto carbon
paper with different loading densities, which systematically
increased from the lowest loading of Cux 1 loading (2 pg)

tox 5 loading (10 pg) and X 22.5 loading (45 pg). Cu NPs were
mostly independent and dispersed at the lowest loading and
were closely arranged when the loading was increased to 22.5
times, as shown in Fig. 2a. Figures 2b—2d show that the FEs
for the C, and C; products were significantly increased with
increasing loading density, while the FE for the C, products
was decreased, which was due to the improved carbon-carbon
coupling reaction induced by reducing the distance between
Cu NPs. Meanwhile, H, was found to be the main product in
the first few minutes for the high-loading Cu catalysts. As the
reaction proceeded, the FE for ethylene increased, and ethyl-
ene was the dominant product. After the reaction, the surface
of the electrode was examined by SEM. The SEM images
showed that the size of Cu NPs increased from 6.7 nm to
larger cube-like NPs (1040 nm), which occurred at the sur-
face of the electrode in situ in a few minutes. The selectivity
of Cu NPs with different particle densities was also studied for
the CO,RR, and the results revealed that the FE for ethylene
compared with methane increased with increasing particle
density [55]. At a high density of Cu NPs, CO obtained by
initial reduction readsorbed on the surface of the catalyst and
then drove the reaction of carbon-carbon coupling to obtain
C, products. The electropolishing method could be used to
pretreat Cu NPs with different catalyst surfaces. Cu NPs were
pretreated by an electropolishing method to prepare copper
electrodes with rough polycrystalline and sprayed NPs [56].
Rough polycrystalline Cu NPs or sprayed NPs were studied
for the CO,RR and showed excellent electrocatalytic perfor-
mance for electrocatalytic reduction of carbon dioxide com-
pared with copper electrodes with smooth surfaces because
the rough Cu electrodes had higher specific surface area to
provide more active sites and increase the current density
during the electrochemical CO,RR. Moreover, the copper
electrodes with a rough surface had a higher selectivity for
hydrocarbon products in the CO,RR process, indicating that
surfaces with different morphologies play an important role
in the electrocatalytic reduction of carbon dioxide. Compared
with nanocatalysts with smooth surfaces, nanocatalysts with
rough surfaces have a large number of unsaturated sites (such
as boundary sites, step sites, and defects) on the surface. Den-
sity functional theory (DFT) calculations showed that rough
surfaces with unsaturated sites required lower activation
energy to form important intermediates and showed better
electrochemical activity for the CO,RR.

Cu NWs also have excellent performance for the CO,RR.
1D Cu NW catalysts can also be synthesized by the sol-
vothermal method, and the morphology of ultrathin Cu
NWs directly affects the selectivity for products in the
CO,RR. Ultrathin Cu NWs with a 20 nm diameter were
prepared at high temperature for the CO,RR [49], in which
tris(trimethylsilyl)silane and oleylamine served as the
reducing agent and solvent agent, respectively. The ultrathin
Cu NWs showed high selectivity for CH,, with an FE of
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Fig.2 Cu NP ensembles of
various densities and their
electrocatalytic activity. a SEM
images of Cu NPs loaded on
carbon paper supports atx 1
loading, X 5 loading, and X 22.5
loading. b FEs for C,, C,,

and C; products. ¢ Relative
ratio of the FEs. d Ethylene,
ethanol, and n-propanol FEs,
with the dotted line showing
the overall C,—C; FE. Activity
measured at—0.81 V versus
RHE, using 0.1 M (1M =1
mol L™!) KHCO, saturated
under 101.325 kPa CO,. The
error bars shown in (b—d) are

1 SD from three independent
measurements. Reproduced
with permission from Ref. [54].
Copyright © 2017, National
Academy of Sciences
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55% for CH, at—1.25 V versus RHE, while the FE for
other products was less than 5%. With increasing electroly-
sis time, ultrathin Cu NWs gradually became ultrafine Cu
NPs. Meanwhile, the corresponding CO, electroreduction
products also changed from CH, to C,H, (other products
such as CO and H, did not change with the variation in the
morphology of Cu NWs). Annealing and electrochemical
reduction were also employed to prepare Cu NWs. Highly
dense Cu NWs as advanced electrocatalysts were prepared
via a two-step synthetic strategy and greatly improved the
CO, electroreduction efficiency [48]. CuO NWs prepared
by oxidizing copper mesh in air were utilized as precursors
for the synthesis of Cu NWs. By annealing them in the pres-
ence of hydrogen and applying a cathodic electrochemical
potential method, CuO NWs were converted into Cu NWs
with similar dimensions but distinct surface structures. The
catalytic results showed that ethylene, ethane and ethanol
could be detected at potentials more negative than—0.5 V
versus RHE. The total FEs for C, products were approxi-
mately 25% between —0.7 and —0.9 V versus RHE, while
methane or methanol was not observed at potentials lower
than—1.0 V versus RHE [49]. A similar method was also
used to prepare Cu NWs with a high grain boundary density

@ Springer

[57]. First, Cu(OH), NWs were grown by immersing cop-
per foam in an aqueous solution of ammonium persulfate
and sodium hydroxide at room temperature. Then, Cu;N
NWs were prepared by reducing Cu(OH), NWs in a tube
furnace, followed by an electrochemical reduction method
in KHCOj solution saturated with CO, at—1.2 V versus
RHE to yield Cu;N-derived Cu NWs. Figure 3a shows the
morphology of the Cu;N-derived Cu NWs, which exhibited
a rough surface as a result of electrochemical reduction.
Meanwhile, abundant structural defects can be observed in
Fig. 3b, and grain boundaries surrounded by (111), (200),
and (220) atomic facets were obtained from aberration-cor-
rected scanning transmission electron microscopy (STEM)
images (Fig. 3c). Figure 3d shows that the current density
of the Cu;N-derived Cu NW catalyst was —50.6 mA cm™>
at—1.0 V versus RHE, which was significantly higher than
that of Cu;N NWs and Cu foam, indicating that the in situ
reduced Cu NW catalyst had a higher CO, electrochemical
reduction activity. Figure 3e reveals that three reduction
products (C, and C,, products from CO, reduction and H,
from the HER) were obtained at —0.5 to—1.1 V versus RHE.
The sum of the FEs for all hydrocarbon products increased
from 63% to 90% with increasing potential. The maximum
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Fig. 3 Morphological charac-
terization of Cu;N-derived Cu
NWs: a SEM image; b TEM
image; c aberration-corrected
STEM image. CO, electro-
chemical reduction characteri-
zation: d LSV curves measured
in CO,-saturated solutions at a

scan rate of 10 mV s™'; e FEs e
do-

for H,, C, and C, products at T T T 1100 e —— e p—
various applied potentials; f FEs = 1001 — = =
for C,H;OH, C,H, and C,H¢ § 75 4 8 75

: g ' . 8
products at various potentials. < e il gl -g 50
Reproduced with permission 4 J;’ ] C:J: o = 8
from Ref. [57]. Copyright © & >— Cu,N-d 254 £25
2019, John Wiley & Sons, Inc -8042 . s o - k o
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Potential/(V vs. RHE)

FE for converting CO, to C,, products with value-added,
high-energy hydrocarbon was 86%, among which the FEs
for ethanol, ethane and ethylene were 8%, 12% and 66%,
respectively, as shown in Fig. 3f.

Compared with 1D and 2D Cu catalysts, 3D multilayer Cu
catalysts have more active sites, which can increase the spe-
cific surface area of the catalyst and improve the mass transfer
of the reaction. Therefore, such materials have great potential
as a catalyst for CO, electroreduction. For example, a copper
plate as a working electrode and a copper wire as a counter
electrode were immersed in a solution containing copper sul-
fate and H,SO,. By using the electrodeposition method, a 3D
porous Cu nanofoam catalyst was obtained [42]. Compared
with the copper substrate, the FE for HCOOH increased from
3% to 29% with increasing thickness of the Cu nanofoam,
and a trace amount of propylene products was detected. The
improvement in the CO, electroreduction performance was
attributed to the high surface roughness and multilayer pore
structure of the Cu nanofoam catalyst. In the electrochemical
deposition process, the morphology of Cu NWs was usually
transformed into nanodendrites, which had a larger electro-
chemically active surface area (ECSA) and could produce a
larger current density, thereby giving Cu nanodendritic struc-
tures excellent catalytic activity for the CO,RR [58]. Novel
Cu nanodendrites with a high ECSA were prepared by using
a facile thermal-assisted method, in which the effects of the
precursors, calcination temperature and time on the forma-
tion of the Cu nanodendrites were discussed. Compared with
1D Cu foam and Cu NPs, Cu nanodendrites showed a higher
current density and a lower onset potential.

2.2 Bimetallic Cu-Based Catalysts

Although monometallic Cu catalysts have shown considerable
catalytic performance toward the CO,RR, the poor ability to
adjust the adsorption energy of intermediate products on the
single component results in limited activity and selectivity.

-0.6 -0.8 -1.0
Potential/(V vs. RHE)

-1.0
Potential/(V vs. RHE)

Constructing bimetallic or multimetallic Cu-based catalysts
is hailed as an effective approach to improve the electrochemi-
cal reduction of CO,. The adsorption energy of intermediate
products on the surface of the catalyst can be adjusted by
changing the composition and proportion of metal elements.
Compared with monometallic Cu catalysts, bimetallic Cu-
based catalysts can change the atomic arrangement of the
active centers involved in the reaction due to the interaction
between the two different metals, thus altering the model
through which the adsorbed species interacts with the surface.
Studies have shown that Cu-based catalysts can regulate the
electronic structure of the metal interface, which is an effec-
tive way to improve the electrochemical performance [59].
The reported bimetallic catalysts include Cu-Au, Cu-Zn,
Cu-Ag, etc. [60-62]. Each metal catalyst displays distinct
catalytic behaviors in the electrochemical carbon dioxide
reduction process. The catalytic performance of the alloy can
be adjusted by changing the composition of each metal in the
alloy. Novel nanostructured Cu-Au alloys were prepared using
template-assisted electrodeposition, where a nanoporous Cu
film (NCF) served as the template. The results of linear sweep
voltammetry (LSV) showed that the as-prepared Cu-Au alloy
was active in catalyzing the CO,RR [63]. The FE for methanol
on Cug; gAusg /NCF was 15.9%, which was approximately
19 times that on pure copper. The FE for ethanol was as high
as 12%. Further analysis of the products showed that the FE
for alcohols (methanol and ethanol) largely depended on the
composition and nanostructure of the Cu-Au alloy. Pure Cu
NPs of similar size were also tested for the CO,RR, and the
corresponding FEs for methanol (5.1%) and ethanol (4.6%)
were higher than those on bulk Cu but still much lower than
those on Cug; gAuse (/NCF. Similar pure Au NPs were not
found to produce alcohols, suggesting that the Au component
in the nanostructured Cu-Au alloy may greatly contribute to
the enhanced conversion of CO, to alcohols. The performance
of the catalyst varies with the composition and morphology
of the catalyst, which is applicable not only to monometallic
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catalysts but also to alloy catalysts. Generally, due to the
inconsistency of crystallographic constants, lattice strain will
be generated after introducing another metal into Cu-based
catalysts to form alloys or bimetallic interfaces, which will
further influence the geometric structure and electronic struc-
ture on the surface of the catalyst [64]. Physical mixing of
Cu and Ag at the desired atomic ratios was used to prepare
CuAg bimetallic electrodes under Ar in a vacuum arc fur-
nace. The as-prepared CuAg bimetallic electrodes consisted
of Cu and Ag crystallites. Compared with the Cu catalyst,
the Cu-Ag alloy catalyst could convert CO, to C, products,
and the selectivity of the alloy catalyst for C,, products was
significantly improved [65]. The incorporation of Ag into Cu
could be proven to cause lattice strain in Cu, which would lead
to a shift in the valence band structure and a decrease in the
oxygen-philicity of Cu, thus changing the adsorption of inter-
mediates, promoting mass transfer and improving the catalytic
performance of the catalyst. However, Cu enrichment would
occur on the surface of the Ag-rich bimetallic catalyst during
the CO,RR process due to the CO adsorbate-induced segrega-
tion of Cu initially dissolved in the Ag phase. The distribution
of products on the stable CuAg bimetallic electrodes showed
that CO was mainly generated on the Ag domain surface,
while the reduction of CO occurred only on the Cu domain
surface. Compared with pure copper, the production of H,
on the Cu-Ag alloy catalyst was inhibited by approximately
75%. Although the inhibition of the HER could not suppress

Fig.4 SEM images of a Cu
wires (0% Ag) electrodeposited
with DAT, b CuAg poly (6%
Ag) electrodeposited without
DAT, and ¢ CuAg wires (6%
Ag) electrodeposited with DAT,
and d FEs for C,H, production
from Cu wires and CuAg wires
in CO, and CO, + CO. Errors
are ca. +5%. Reproduced with
permission from Ref. [66].
Copyright © 2018, American
Chemical Society

@ Springer

the ability of the Cu domain to generate products derived from
CO, the distribution of the products was in favor of carbonyl
products at the expense of hydrocarbons. Based on this strat-
egy, Cu-Ag alloys were prepared by the electrodeposition
method. The Cu-Ag alloys displayed much higher electrocata-
lytic performance than Cu metal. Cu-Ag NWs were formed
by adding the additive 3,5-diamino-1,2,4-triazole (DAT) in
the electrodeposition process [66] (Figs. 4a—4c). Compared
with the Cu-Ag alloy synthesized without the additive DAT,
the mixture of Cu and Ag atoms in the sample prepared in
the presence of DAT was more uniform. The as-prepared
Cu-Ag NWs showed higher activity and selectivity toward
the reduction of CO, into C,,, products. Figure 4d shows that
the alloys exhibited the best electrocatalytic performance for
carbon dioxide when the Ag content was 6%, and the FEs
for ethylene and ethanol reached 60% and 25%, respectively.

Combining Cu and other metals to form bimetallic cata-
lysts is also an effective method to regulate the catalytic activ-
ity and selectivity for the CO,RR. Three solid-solution types
of CuPd were prepared with the same composition and dif-
ferent atomic arrangements of NPs (disordered, ordered and
phase-separated arrangements) [29]. The preparation of disor-
dered, ordered and phase-separated CuPd catalysts was as fol-
lows. Briefly, the disordered type of CuPd was synthesized by
reducing a mixture of Pd(HAc), and Cu(HAc), (with a molar
ratio of Cu(Il):Pd(I)=1:1) in a solution of 2-ethoxyethanol
using NaBH, as the reducing agent. Cu(HAc), was mixed
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Fig.5 FEsfora CO,bCH, ¢
C,H,, and d C,H;OH of bime-
tallic Cu-Pd catalysts with dif-
ferent mixing patterns: ordered,
disordered and phase-separated.
Reproduced with permission
from Ref. [29]. Copyright ©
2017, American Chemical
Society
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with a solution containing Pd(HAc), acetone solution and
2-ethoxyethanol, and then, NaBH, was added with stirring
to obtain phase-separated CuPd. The phase-separated type of
the CuPd nanoalloy was annealed to accelerate the atomic dis-
placement to form the ordered type of CuPd. Figure 5 shows
the three atomic arrangements of the ordered, disordered and
phase-separated Cu-Pd nanocatalysts. The electrochemical
results demonstrated that the FEs for ethylene and ethanol on
the phase-separated CuPd NPs were much higher than those
on the ordered and disordered CuPd NPs, while the FE for
methane was much lower than that on the ordered and dis-
ordered CuPd NPs (Figs. 5a-5d). For phase-separated CuPd
NPs, adjacent Cu atoms promoted CO dimerization, while for
ordered and disordered CuPd NPs, CO that adsorbed on Cu
atoms could combine with oxygen atoms that adsorbed on Pd
atoms to form the CHO intermediate and further hydrogen-
ate to generate methane. The selectivity for the CO,RR was
related to the composition of the bimetallic catalysts as well
as the arrangement of the bimetal. Among the many Cu-based
alloy catalysts, only copper palladium alloy could catalyze

Cathode Potential/(V vs. RHE)

highly selective electroreduction of carbon dioxide to ethyl-
ene. Most of the Cu-based alloy catalysts always maintained
the copper product selectivity. For example, a Cu-Au alloy
catalyst converted carbon dioxide to carbon monoxide, and
the FE for ethylene decreased with decreasing Cu composi-
tion of the catalyst.

In practical applications, designing catalytic materials
by combining a variety of nonprecious metals in the form
of alloy or polyphase Cu-based catalysts is a cost-effective
approach. The introduction of a second metal not only regu-
lates the selectivity of the reaction for C; and C,, products
but also adjusts the selectivity of the reaction for different
C,, products. Cu-Zn bimetallic catalysts with three compo-
sitions were prepared by introducing different contents of
Zn [61] into Cu,0, followed by an in situ electrochemical
reduction process. Further characterization revealed that Cu
and Zn did not form an alloy but existed in two phases. The
electrochemical CO, reduction performance was measured,
and the ratios of the FEs for ethanol to ethylene on the three
Cu-Zn bimetallic catalysts were compared with those on pure
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Cu and pure Zn. The results showed that pure Zn could not
produce ethylene or ethanol, and the main product was CO.
The ratio of ethanol to ethylene on the pure Cu electrode was
0.48. The ratio of ethanol to ethylene on the Cu-Zn bimetal-
lic electrodes increased with increasing Zn content, reach-
ing the maximum value on the Cu,Zn bimetallic electrode
(the ratio was 6). Then, the researchers studied the underly-
ing mechanism and found that the FE for CO on the surface
of pure Zn increased with increasing voltage, while on the
Cu-Zn bimetallic electrodes, the FE for CO decreased when
the voltage exceeded a certain value, which confirmed that
Cu and Zn had a synergistic effect; in other words, CO gener-
ated on the surface of Zn NPs could migrate to the surface
of Cu NPs and undergo dimerization to form C, products.
However, the researchers did not explain why the introduction
of Zn improved the selectivity for ethanol over ethylene but
emphasized that similar results had been observed in previous
Cu-Au bimetallic catalysts [19].

In addition to constructing metal alloy structures to real-
ize an enhancement effect of Cu-based catalysts, alloy cat-
alysts other than Cu-based catalysts can be fabricated that
promote carbon-carbon coupling. For non-Cu metal, the
binding energy can be adjusted to the appropriate range by
forming alloys. Pd-Au, Ni-Ga and Ni-Al and other non-Cu-
based bimetallic catalysts have shown the ability to catalyze
electrocatalytic CO, reduction to C, and multicarbon prod-
ucts, but the corresponding FE is not high (<5%) [67-70].
Electrode of Ni-Ga catalysts [69] with different proportions
was prepared by the drop coating method, which could realize
the products of CH,, C,H, and C,H, at low overpotentials,
but the selectivity for the products was poor. Although their
selectivity was not high, they provided new insights for the
design of non-copper-based electrocatalysts that could enable
efficient electroreduction of CO, to C, products. In conclu-
sion, by changing the composition and structure of the alloy
catalyst and continuously optimizing its element distribution,
the adsorption energy of the catalyst for intermediate products
can be effectively adjusted, thus leading to the generation of
target products.

2.3 MOFs and MOF-Derived Catalysts

MOFs are a kind of porous crystalline material composed
of metal or metal clusters and organic ligands with func-
tional groups ((COOH, —OH, -NH,, —CN, etc.). The metal
species and organic ligands are self-assembled by coordi-
nation bonds. In recent years, MOFs have attracted increas-
ing attention in the field of heterogeneous catalysis due
to their high specific surface area, postmodification and
adjustable pore size and have been applied to the CO,RR
[71, 72]. Compared to inorganic microporous catalysts
with high specific surface areas, the structure of MOFs is
more flexible and can dynamically respond to temperature
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and pressure. The entire MOF is supported by coordina-
tion bonds and other weak interactions, such as hydrogen
bonds, n—r stacking and van der Waals forces. Even under
mild conditions, these MOFs can reversibly adjust their
pore diameter according to external factors [73]. MOFs
can be divided into two categories: (i) metal-organic poly-
hedra, in which transition metal ions are coordinated by
electron-donor organic units of nitrogen or carboxylic acid,
and (ii) zeolite imidazolate frameworks with the topologi-
cal structure of zeolites. The method for the synthesis of
the above-mentioned MOFs is simple, as most MOFs can
be synthesized at low temperature with low cost and high
yield, in which water (solvent) thermal conditions are the
most common synthesis conditions. For the CO,RR, MOF-
related catalysts are mainly divided into two kinds: MOFs
themselves as catalysts and MOF-derived materials that
use an MOF as a precursor to prepare target catalysts, in
which the metal centers are embedded in a carbon matrix
in situ during high-temperature treatment of MOFs, such
as metals, metal oxides and carbon materials loaded with
metal NPs [74]. This structure provides excellent electron
transfer performance between metal-metal oxides and car-
bon grids. Cu-MOF is a periodic network structure formed
by Cu®* and organic ligands [75]. Cu-MOF has the advan-
tages of high porosity and large specific surface area and
has been widely used for the CO,RR [76]. The method
for synthesizing Cu-MOF was reported to promote under-
coordinated Cu sites with the aid of an MOF to optimize
the CO,RR activity of Cu clusters [77]. This performance
tuning was achieved by contorting the symmetrical pad-
dlewheel copper dimer of HKUST-1 into an asymmet-
ric motif by heat treatment. Deformation of the copper
dimer was achieved by separating benzene tricarboxylate
and changing the calcination temperature. The formation
of Cu clusters with low coordination number (CN) from
distorted Cu dimers was observed by conducting electron
paramagnetic resonance (EPR) and in situ X-ray absorp-
tion spectroscopy (XAS) experiments on HKUST-1 during
CO, electroreduction, which exhibited a 45% FE for C,H,.
Cu;(BTC), ([Cus(pe-CoH304),1,,) was synthesized through
an electrochemical method and immobilized onto glassy
carbon (GC) for the CO,RR [78]. N,N-Dimethylformamide
containing tetrabutylammonium tetrafluoroborate was used
in a saturated CO, electrolyte to study CO, electrochemical
reduction on the surface of a Cu-based organic framework
membrane. CV studies indicated that the electrochemically
generated Cu(I) material as a Lewis acid site was formed
on the organic skeleton membrane of Cu-based MOFs and
then adducted with CO, molecules to activate the reaction.
The resulting CO, ™ intermediate could be coupled to oxalic
acid through dimerization C—C bonding.

In recent years, direct carbonization of MOFs has been
widely used to construct functionalized porous carbon and
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metal-metal oxide composite materials. Cu-MOF-derived
catalysts are widely used in the field of electrocatalysis. A
study found that the metal coordination (Cu**) converted
into CuO, Cu,0 and Cu,0O; during the electrolytic process.
The in situ-derived Cu oxides could catalyze carbon diox-
ide reduction to formic acid and acetic acid with higher
catalytic activity compared with single-component CuO,
Cu,0 and Cu,0O;, indicating the activity of the catalyst
from the copper oxide and synergy between various com-
ponents [79]. MOF-199 was modified with benzimidazole
containing nitrogen and calcinated at different temperatures
to obtain MOF-derived copper-nitrogen-doped carbon (Cu
NPS-NC) catalysts [80]. The results showed that high con-
tents of pyrrole N and Cu—N bonds were formed at a calci-
nation temperature of 400 °C, which promoted the forma-
tion of ethylene and ethanol. At—1.01 V versus RHE, the
FE for ethylene was 11.2%, that of ethanol was 18.4%, and
the electrolysis could remain stable for more than 8 h. A
copper oxide-derived carbon composite (OD-Cu/C) cata-
lyst was synthesized via the carbonization of Cu;(BTC),,
converted CO, to alcohol with 45.2%—71.2% FE and exhib-
ited high activity, high selectivity, and good stability for the
CO,RR [81]. From—0.1 to —0.7 V versus RHE, the total FE
for ethanol and methanol, reached 71.2%, which was attrib-
uted to the synergistic effect of highly dispersed Cu metal
centers and porous carbon supports. These results indicate
that the catalytic activity and products of Cu-MOF-derived
catalysts are greatly related to the calcination temperature,
which may provide a new avenue for the design of MOF-
derived catalysts.

Although the above materials have demonstrated good
electrocatalytic activity, some disadvantages limit their
application. For example, their surface area and adsorption
ability are significantly reduced when exposed to moisture.
In addition, most MOFs display poor electrical conductiv-
ity, and the narrow micropores of MOFs limit the rapid
diffusion of gas in the pores [82, 83]. To solve these short-
comings, researchers proposed combining MOFs with vari-
ous functional materials to form MOF-based composites.
In MOF-based composites, the advantages of MOFs and
various functional materials can be effectively combined,
which can generate synergistic effects and compensate for
the shortcomings of a single component. Therefore, MOF-
based composites have great potential for electrochemical
reduction of CO,.

2.4 Other Catalysts

In recent years, single-atom catalysts (SACs) and nonmetallic
catalysts (microorganisms, carbon nanomaterials and nonme-
tallic composites) have been gradually applied to the electro-
chemical reduction of CO, due to their abundant sources, low
cost and environmental friendliness.

SACs The key of CO,RR research is to design and develop
efficient and inexpensive catalysts with high activity, high
selectivity, high stability and significant inhibition of the
HER. An SAC with a highly dispersed single-atom active
center that could ensure high utilization of atoms is a new
frontier in the field of catalysis [84, 85]. SACs refer to cat-
alysts with excellent catalytic performance formed by uni-
formly dispersing low coordination active metals on a support,
in which the metal achieves the maximum atomic utilization
rate [86—-88]. SACs have attracted much attention because
of their unique electronic structure and geometric structure,
showing excellent catalytic activity for many important chem-
ical reactions (CO,RR, CO oxidation reaction, hydrogenation
reaction, OER, oxygen reduction reaction, HER, etc.). The
geometric and electronic structures undergo distinct changes
as the catalyst continues to shrink from the nanometer scale
to the single-atom scale, becoming completely different from
those of nanocatalysts. The concept of SAC was first pro-
posed by Zhang and coworkers; in their study, Pt atoms were
atomically dispersed on the surface of iron oxide nanocrystals
without agglomeration [89]. SACs have obvious advantages
over traditional catalysts and have attracted much attention in
recent years for the CO,RR due to their fully exposed active
sites, high selectivity and maximum atomic utilization [90].
The preparation methods of SACs are usually pyrolysis and
reduction. Theoretical calculations showed that SACs embed-
ded in another metal nitride, carbide [91, 92] or nitrogen-
doped carbon matrix [93, 94] could enable electroreduction
of CO, into not only CO and formate but also multiple carbon
products. A ferrous cluster supported on carbon doped with
nitrogen could convert CO, to acetic acid, and the FE for ace-
tic acid was 61% at—0.5 V versus Ag/AgCl, which showed
that iron(Il) in nitrogen coordination acted as a monatomic
or polyatomic active site and could achieve C—C coupling
synergistic with N to increase the catalytic activity of the
CO,RR. Single-atom Cu catalysts for the CO,RR have also
been reported. At present, most SACs mainly convert CO, to
CO, and the design of SACs that can reduce CO, to hydrocar-
bons or alcohols still faces great challenges. The generation of
C, and multicarbon products is closely related to the coverage
of CO intermediates on the Cu catalyst surface, and catalysts
with high selectivity toward CO, to CO conversion are already
common [95-97]. Designing tandem catalysts to achieve
CO,— CO—C, could be considered [98]. Single-atom Cu
catalysts loaded [99] on mesoporous CeO, NWs could con-
vert CO, into the deep reduction product CH, with an FE of
58%. The above products (CO, methanol and methane) are
all C, products, while there have been few related systems
that can synthesize C, and multicarbon products. The reason
lies in the distance between the single-atom active centers,
which makes effective promotion of the carbon-carbon cou-
pling reaction difficult. If the surface density of Cu could be
improved while maintaining the dispersion of the Cu active
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Fig.6 a TEM image of a typi-
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center at the atomic level, then C, and multicarbon products
could be obtained. The method of preparing monatomic cata-
lysts assisted by MOFs is very simple and efficient, and the as-
prepared electrocatalysts showed higher activity and selectiv-
ity for the CO,RR than most precious metal-based catalysts,
with great potential for industrial application. Synthesis of
Cu-C;N, nanomaterials was accomplished by mixing differ-
ent amounts of CuCl, aqueous solutions with dicyandiamide
(DCDA) at room temperature [100]. The suspension was then
mixed with carbon black pretreated with acid and annealed
at 600 °C in N, to obtain Cu-C;N,, (Figs. 6a and 6b). Finally,
the Cu-NC catalyst was prepared by annealing Cu-C;N, pow-
der at 900 °C in N,, during which g-C;N, decomposed and
was converted into nitrogen-doped carbon coordinated with
Cu. Cu single atoms were anchored on a C3N, support for
electrochemical reduction of CO, and showed excellent activ-
ity with a lower onset potential. Cu@C;N, showed higher
selectivity for C, products than Cu@N/C (Figs. 6¢ and 6d),
which revealed that the molecular scaffold could serve as an
additional active center for the CO,RR and have a synergistic
effect on the pathway that produces deeply reduced products.
Although few SACs have been reported that could effectively
improve the selectivity for C, products, these early explora-
tions suggest that development of novel metal SACs and opti-
mization of the interaction of metal atoms with the support
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and coordination elements may be an effective way to improve
the product selectivity.

Microorganisms Microorganisms play an important role
in biological electrochemical systems that efficiently treat
organic wastewater and solid waste and solve environmen-
tal and energy problems. In addition, they can be used as
catalysts for the catalytic electrochemical reduction of CO,
to produce energy substances (methane and ethanol) and
organic chemicals (formic acid, acetic acid, butyric acid,
2-carbonyl butyric acid, caproic acid and octanoic acid).
The catalytic effect of microorganisms has been shown
using methane bacteria, acetic acid bacteria, and methane
bacteria particles [101]. Methanogens were first used as
catalysts for the CO,RR and to produce methane [101],
which provided a new idea for the electrochemical reduc-
tion of CO,.

Carbon nanomaterials Compared with metallic cata-
lysts, carbon materials have attracted increasing attention
for the CO,RR because of their adjustable porous structure,
high specific surface area, acid and alkali corrosion resist-
ance and environmental friendliness. Carbon nanomateri-
als have the advantages of high conductivity, good stability
and low price. Carbon-based materials are more tolerant to
extreme conditions (such as strong acidic electrolytes) and
exhibit higher stability than metal and metal oxide catalysts,
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Fig.7 SEM images of a BND1, b BND2, and ¢ BND3, and FEs of d BNDI, e BND2, and f BND3. Reproduced with permission from Ref.

[104]. Copyright © 2017, John Wiley & Sons, Inc

which is one of the reasons why carbon-based materials have
attracted much attention recently. They have the most poten-
tial to replace precious metals for electrochemical reduction.
Based on these advantages, much research has reported the
application of carbon materials in the electrocatalytic reduc-
tion of carbon dioxide. Hydrocarbons and their derivatives
(alcohols, acids and aldehydes) are products of deep reduc-
tion of carbon dioxide, with high energy density and high
added value, and are ideal products from electrocatalytic
reduction of carbon dioxide. A nitrogen-doped nanodiamond/
Si rod array (NDD/Si RA) film electrode was prepared by
microwave plasma-enhanced chemical vapor deposition for
the CO,RR in NaHCO; aqueous solution and could quickly
convert CO, to acetate with an onset potential of —0.36 V
versus RHE, overcoming the limitation of low selectivity for
the C, product [102]. The FE for CH;COOH was as high as
91.8% between —0.8 and—1.0 V versus RHE. The electro-
chemical results and in situ infrared analysis showed that the
main pathway for CO, reduction might follow the reaction
path of CO,—CO,™— (CO0), — CH;COO". The excellent
performance in carbon dioxide molecule conversion to acetic
acid on the NDD/Si RA catalyst was attributed to the N-sp>C
species acting as the active sites and the high overpotential
for hydrogen evolution. The N or N-C structure of metal-
free carbon materials could promote the formation of C-C
bonds. N-doped graphene quantum dots (NGQDs) with 0.7
and 1.8 nm thicknesses were synthesized through exfoliation
and cutting of a graphene oxide (GO) precursor and in situ
doping of N into a dimethylformamide (DMF) solvent at high
temperature and pressure [103]. The NGQDs could catalyze

the electrochemical reduction of carbon dioxide to C,, hydro-
carbons and oxygenates with low overpotentials, high FEs and
high current densities. The sum of the FEs for the CO,RR was
up to 90%, and the selectivity for ethylene and ethanol was
45%, which was comparable to that of Cu-based NP electro-
catalysts. B/N codoped diamond (BND) films were prepared
on silicon wafer surfaces by the chemical vapor deposition
method [104], with BND1, BND2 and BND?3 obtained with
the same B,H, content but different N, levels. Figures 7a—7c
show the surface morphology of the as-prepared BND elec-
trodes, which reveals that the BND films were composed
of pyramidal NPs covering the entire substrate. A polyhe-
dral diamond crystal with clear edges and corners could be
observed on BND1, as shown in Fig. 7a. The FE for C,H;OH
was 93.2%, which was significantly enhanced relative to the
values reported for other electrocatalysts. Figures 7b and 7¢
show that twin crystals appeared at the grain boundaries of
BND2 and BND3 as the N content of BND increased. Fig-
ures 7d—7f show that the BNDs preferentially convert CO,
to C,H;OH. Interestingly, the production rate of C,H;OH
significantly increased as the potential negatively shifted
from—0.8 to—1.1 V versus RHE (the maximum production
rate was at—1.0 V vs. RHE), in which the measured produc-
tion rate of C,Hs;OH was 9.3 times, 17.5 times and 51.0 times
that of CH;OH and 11.4 times, 16.1 times and 12.9 times
that of HCOO™ for BND1, BND2 and BND3, respectively.
The production rate of C,H;OH on BND2 was higher than
that on BND1 under each potential applied but lower than
that on BND3 at—0.8 to—1.0 V versus RHE, which indicated
that increasing the N content of BND to some extent could
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facilitate C,Hs;OH production. BND2 had a slightly higher
production rate of C,HsOH than BND3 at—1.1to—1.2 V ver-
sus RHE. A contrast experiment showed that the main product
on the nanodiamond electrode doped only with B was for-
maldehyde, which indicated that N doping played a key role
in the generation of multicarbon products. The main product
of the N-doped catalyst was acetic acid instead of ethanol,
indicating that there was a synergistic effect between N and
B. If the N-doped nanodiamond was replaced by an N-doped
graphite carbon material, then the main products were CO
and formic acid, which indicated that the diamond material
itself also played a decisive role. Experimental analysis and
DFT calculations showed that the high activity and selectivity
of BND for C,Hs;OH mainly originated from the synergistic
effect of B and N codoping and the good balance of N content
and H, evolution potential.

3 Reaction Mechanism for the CO,RRto C,,
Products

Compared with the process of generating C; products via
the CO,RR, the generation of C, and multicarbon products
involves the C—C coupling reaction, which is more complex
in dynamics and is not conducive due to the competition
with the HER reaction, thus leading to lower FE. First, C—-C
coupling reactions usually have relatively high activation
energy and compete with the process of forming C—H and
C-0 bonds. Second, the thermodynamic potentials for the
formation of CO intermediates and the formation of C, and
multicarbon products are quite different. Sixteen products of
CO, electrocatalytic reduction were detected on the surface of
Cu electrodes [105] in KHCO; aqueous solution. At present,
the FE of the catalyst in the laboratory stage can reach over
95%, while the FE for the C, product is only approximately
60% [105], and the maximum FE for the C; product is 21%
[106]. Considering the requirements of high FE and high cur-
rent density, the most promising target products are carbon
monoxide, formic acid and ethylene at present. In addition,
as an important solvent, liquid fuel and raw material for the
production of many chemical products, ethanol was also an
expected C, product of electrocatalytic CO,. The C—C cou-
pling reaction requires optimal affinity between the catalyst
and CO because there is a balance in the binding affinity. On
the one hand, the surface of the catalyst needs to have a strong
enough adsorption energy for CO to ensure that CO has a
sufficiently high coverage on the surface and further coupling
occurs. On the other hand, the activation energy barrier of
the coupling reaction increases with increasing CO adsorp-
tion energy on the surface, which greatly limits the range of
alternative catalysts. Among many metals, the Cu surface has
a suitable affinity for CO, and Cu-based catalysts can cata-
lyze CO coupling [107]. However, research on the reaction
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mechanism for the CO,RR on Cu electrodes is still in the early
stage, and the different reaction pathways proposed match dif-
ferent experimental results and produce different products.
Due to the variety of carbon dioxide reduction products on
copper catalysts, improving the selectivity and FE of copper
catalysts and realizing highly selective reduction of carbon
dioxide to C, products have become the focus of many studies.
The multielectron transfer reaction and the complexity of the
reduction products limit further research on the electrocata-
lytic reduction mechanism of CO,. In situ characterization and
quantification of adsorption intermediates is a bottleneck to
understanding elementary reactions. Therefore, the applica-
tion of in situ electrochemical spectroscopy to characterize
the adsorption intermediates of CO, electrocatalytic reduction
and the construction of models of CO, electrocatalytic reduc-
tion based on possible adsorption products will become the
key to deeply understanding the CO, conversion process to
hydrocarbons. Understanding the formation mechanism of C,
is very important for conducting research on electrocatalytic
materials and electrolyte materials for specific target products.
Therefore, the following focuses on the mechanism for the
electrocatalytic reduction of CO, to C, products.

CO, is reduced by electrocatalysis to produce different
products, which involves the transfer of multiple electrons.
Table 1 lists some common reduction products and the cor-
responding standard reduction potential. Among the various
products, CO and formic acid (or the formic acid ion) are
the most common because their production only involves two
electron transfers, while the others are deep reduction prod-
ucts. Deep reduction products can be obtained with CO gas
as a raw material, but not with other small carbon molecules
[108]. Therefore, CO is generally believed to be the most
critical intermediate in the process of CO, reduction to C,
and multicarbon products. There have been many reports on
electrocatalytic CO, reduction to obtain C, products, and the
relevant mechanistic studies are relatively clear [109]. CO is
an important intermediate for the formation of C, and mul-
ticarbon products. To form C—C bonds, two CO molecules
should be sufficiently close to the surface of the catalyst for
further C—C coupling reactions. Thus, the formation of C,
and multicarbon products is more challenging than that of C,;
products. The complexity of the mechanism for the CO,RR
brings great difficulties to the development of efficient cata-
lytic materials. To understand the reduction pathways of CO,
on the surfaces of different catalysts and then provide new
insights for the development of catalysts, researchers have car-
ried out many experiments and theoretical calculations and
have achieved some progress.

3.1 Mechanism of CH, Carbine Dimerization

Figure 8 shows that when CO adsorbs on the surface of the
Cu catalyst, subsequent hydrogenation could occur either on
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the C atom to generate *CHO intermediates or on the O atom
to generate *COH intermediates. Then, further hydrogenation
dehydrates these intermediates to form *C intermediates, fol-
lowed by the formation of *CH, carbine intermediates, which
are coupled to form ethylene. The *C intermediate involved in
this mechanism can be exactly explained by the experimental
results [108], in which the graphite carbon signal was detected
on the surface of the Cu catalyst by X-ray photoelectron spec-
troscopy and Auger electron spectroscopy in a CO, reduction
experiment. The adsorbed state CH,, , was confirmed to form
by the hydrogenation of CO, 4, and regarded as the common
intermediate to form CH, and C,H,, where CH, was formed
by the double proton-electron transfer reaction, and C,H,
was formed by dimerization and CO embedding. Through
DEFT calculations, the conclusion was obtained [110] that the
generation of ethylene at a more negative potential (—1.15V
vs. RHE) could undergo the reaction path of “CH, carbine
dimerization”.

3.2 Mechanism of CO Dimerization

For the C—C coupling mechanism of CO, electroreduction
to C,H,, the current general understanding is that CO, is
first reduced to *CO, and then, two *CO intermediates are
directly C—C coupled to form a *OCCO intermediate, which
can be further hydrogenated and deoxygenated to form C,H,.
Recent studies showed that CO,4, was the key intermediate
of CO, electrocatalytic reduction, and the stability in the
reduction process was related to the conversion activity of
the CO,RR. For the first time, the influence of pH on the
mechanism was taken into consideration. The formation of
CHO,, was found to depend on pH, while the formation of
the CO,4,-CO, 4, dimer was independent of pH. CO,4-CO,

and CHO, intermediates would be further reduced to form

H*+ e

‘—>HCOOH
[0}
(0) OH
\\(,,'/ ”| O\\
CcO 4 e 4o .
2 H'+e | H'+e | H*+e

C,H, in the reaction process. The adsorption structure of the
CO dimer on the Cu(100) facet and the subsequent reduction
to ethylene or ethanol were deduced through theoretical cal-
culations [32]. The characteristic of this mechanism was that
the reaction pathway could occur at a relatively low potential
(—=0.4 V vs. RHE). Two CO molecules that adsorbed on the
Cu(100) facet were coupled via an electron transfer process to
form a *C,0,” dimer. The adsorption structure of the dimer
on the Cu(100) facet was proposed as one C atom and one
O atom separately bound to two Cu atoms, and the negative
charge was mainly distributed on the CO groups that were not
bonded to the surface. Along the pathways from CO dimeri-
zation to C, products, O atoms with more negative charges
were first hydrogenated to form a *HOCCO intermediate, in
which the C—C bond length was 146 pm, close to the value of
a single C—C bond. The intermediate was further hydrogen-
ated and dehydrated to form *CCO, and the C—C bond length
was 133 pm, indicating that the C=C bond was formed. The
next three hydrogenation steps occurred successively to form
the important intermediate *CH,CHO. There were two pos-
sible pathways for subsequent hydrogenation reactions: (i) if
the C=C bond was retained, then hydrogenation occurred on
the C atom adjacent to the O atom, resulting in ethylene des-
orption; (ii) if the C=C bond was broken, then the *CH;CHO
intermediate was generated and then went through two steps
of hydrogenation to produce ethanol, in which the *CH;CHO
intermediate was also detected through in situ infrared spec-
troscopy [111]. By comparing the in situ infrared absorption
spectra on the Cu(100) and (111) facets under an Ar atmos-
phere and a CO atmosphere, the characteristic absorption
band of the *HOCCO intermediate could be observed on the
Cu(100) facet under the CO atmosphere, whereas this band
was absent on the Cu(111) facet. DFT was used to simulate
the dimerization of CO on Cu(100) and (111) facets [112],

Fig. 8 Catalytic mechanism of ethylene formation via carbine dimerization from CO. Reproduced with permission from Ref. [108]. Copyright ©

2013, John Wiley & Sons, Inc
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Fig.9 a Reaction pathway for
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with the solvation effect of water molecules in the electro-
lyte taken into consideration. The simulation results showed
that the energy barrier of CO dimerization was 0.68 eV on
the Cu(111) facet and decreased to 0.33 eV on the Cu(100)
facet, both of which were significantly lower than the simu-
lated results under vacuum conditions [113], indicating that
the solvation effect could significantly reduce the energy bar-
rier of the dimerization reaction. In addition, the energy bar-
rier on the Cu(100) facet was 0.3-0.4 eV lower than that on
the Cu(111) facet, which was in line with the difference of
at least 5 orders of magnitude in TOF. Thermodynamically,
CO dimerization was exothermic on the Cu(100) facet and
endothermic on the Cu(111) facet. For the next hydrogena-
tion process, the energy barrier on the Cu(100) facet was
also 0.4 eV lower than that on the Cu(111) facet, confirming
that the CO dimerization reaction was highly sensitive to the
surface structure of the catalyst, and the Cu(100) facet was
more favorable in terms of both thermodynamics and kinet-
ics. The presence of adsorbed CO, 4, on the Cu surface was
[114] observed by in situ infrared spectroscopy, and a further
study confirmed that CO was one of the intermediate prod-
ucts in the reduction of hydrocarbon products. [115]. Realistic
OD-Cu surface models were reported through simulation of
the oxide-derived process by molecular dynamic simulations
with a neural network (NN) potential [116]. Three square-like
sites for C—C coupling were identified through the analysis of
over 150 surface sites by high-throughput tests based on NN
potentials and DFT calculations, in which X3 grain bounda-
ries, such as planar-square (p-sq) sites and convex-square
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(cv-sq) sites, made the major contribution to the formation of
ethylene. The step-square (s-sq) position is favorable for the
formation of alcohol, which is due to the geometrical effect on
the interaction between the stable acetaldehyde intermediate
and the unstable Cu—O. Figure 9a shows the pathways for C,
products. Solid-state experiments showed that the electrore-
duction of CO, to multicarbon products was independent of
the standard hydrogen electrode (SHE), and the C—C coupling
step without proton transfer was the rate-determining step
(RDS), which meant that the C—C coupling rate determined
the overall activity toward CO,—C,, product conversion on
the OD-Cu catalyst. Both the vibration spectrum and kinetic
model showed that *CO was the main intermediate on the
Cu surface under reduction conditions. Then, 155 surface
sites were randomly selected on the OD-Cu surface model
to explore this dimerization process. The square orientation
showed a significantly stronger *COCO binding energy. An
additional 15 square sites were then selected from the OD-Cu
surface to verify this trend. Figure 9c illustrates two different
scaling relationships between the adsorption energies of the
two binding states of *CO and *COCO intermediates at the
nonsquare site and square site, where the energy on the square
site was 1.27 eV, 0.36 eV lower than that on the nonsquare
site. Therefore, the square site was more active for C—C con-
jugation. To accurately explore C—C coupling, plate models
were introduced for precise DFT calculations, as shown in
Fig. 9d. These models had similar chemical properties to the
selected positions in the MD model. Calculations showed that
the endothermic properties of the CO dimerization reactions
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on these square structures were lower than those on the (111)
and (221) facets under appropriate electrochemical interface
conditions (Figs. 9e and 9f). The p-sq reaction energy was the
lowest at—0.16 eV. In addition, the reaction barriers of C—C
coupling at the p-sq, s-sq and cv-sq positions were 0.33 eV,
0.72 eV and 0.39 eV, respectively, which were much lower
than the values of 0.85 eV and 1.19 eV on the (111) and (221)
facets (Fig. 9g). Based on the above analysis, three active sites
(p-sq, s-sq and cv-sq) on OD-Cu were found to be favorable
for the production of C,, products.

3.3 Mechanism of CHO + CO Coupling

DFT studies showed that the reaction energy of *CO directly
coupled to *OCCO was very high (~1.9 eV). However, the
hydrogenation of *CO to *CHO required a relatively low
reaction energy (0.79 eV), and further C—C coupling by
*CHO intermediates was also thermodynamically favorable.
CHO,, was formed through C—O bond fracture and subse-
quent hydrogenation [117], which was the main intermediate
for CH, formation, as evidenced by online mass spectrometry
analysis and the mechanism model. The formation of C, may
be accompanied by the formation of CO bond dimers, and
enediol was formed by further polymerization on the elec-
trode surface, which was beneficial to the formation of C,H,.
The mechanism of CO, electrocatalytic reduction on a Cu
single-crystal surface was studied through DFT [108, 118],
which further confirmed that CHO,,, was the main adsorp-
tion intermediate for CO,4, conversion to CH, and C,H,.
The reaction path was calculated at a more negative poten-
tial (=1 V vs. RHE), and different mechanisms were found
for the C—C coupling process under these conditions [119].
CO adsorbed on the surface of Cu(100) and then underwent
hydrogenation and reduction to form a *CHO intermediate,
followed by reaction with CO to form *COCHO, and thus, a
carbon—carbon bond was formed. Subsequent hydrogenation
could occur on #-C atoms with ethylene, followed by multiple
steps. Hydrogenation could also occur on the a-C atom to
produce glycolaldehyde, which could be further reduced to
ethanol. The activation energy barrier for the previous process
was slightly lower, which explained why the selectivity and
FE for ethylene were usually several times higher than those
for ethanol in experiments [40]. This mechanism could also
explain the formation of other C, products, such as acetal-
dehyde, ethylene glycol, glycolaldehyde, glyoxal and acetic
acid. Combined with DFT calculations, a new C-C coupling
mechanism was proposed, and the promotion mechanism of
F on the Cu surface was clarified [120]. On the F-Cu cata-
lyst, CO, generated C,, products through a novel "hydrogen-
assisted carbon-carbon coupling" mechanism. The fluorine
modification not only facilitated activation of H,O to generate
active hydrogen species (*H) but also promoted adsorption
and hydrogenation of CO to produce *CHO intermediates,

which could then be easily coupled and reduced to produce
C, .. products on the copper surface. Figure 10a shows that flu-
orine modification further reduced the reaction energy of *CO
hydrogenation to *CHO (0.48 V). In addition, other possible
coupling modes, such as CO — COH —HOCCOH (Fig. 10b)
and CO + CHO — OCCHO (Fig. 10c), were compared, and
CO — CHO — OCHCHO was found to be the most favorable
reaction path. The presence of *CO and *CHO intermedi-
ates in the reaction process was further confirmed by in situ
infrared spectroscopy to certify the hydrogen-assisted carbon-
carbon coupling reaction mechanism. This broke the tradi-
tional understanding of the formation of C,, products by *CO
dimerization and illustrated the obvious advantages of C—C
coupling by *CHO from theoretical calculations and in situ
spectroscopy. This study not only provided a new strategy
for the design of high-efficiency CO, electrocatalytic reduc-
tion catalysts but also opened up an avenue to regulate the
selectivity for C,, products through the discovery of the new
mechanism of “hydrogen-assisted carbon-carbon coupling”.

4 Strategies to Improve Catalysts

In the CO, electrocatalytic reduction process, controlling
the adsorption energy of the key CO intermediate product
on the surface of catalysts through the design of catalysts is
an important approach to realize selective reduction of CO,
to C,, products. In recent years, many studies have made
important progress in the aspects of surface facets, interface
engineering, strong metal-support interactions and surface
modification.

4.1 Surface Facets

The exposed crystal facet of Cu-based catalysts has a great
influence on product selectivity because nanocrystalline cata-
lysts with different crystal facets have different geometrical
and electronic structures and thus exhibit different catalytic
behaviors. The surface of Cu NPs is a combination of low
index and low coordination site surfaces, corners, edges and
defects. Cu nanocatalysts with different morphologies can
expose different crystal facets, which affect the reactivity
of the catalyst for the CO,RR. High-index facets are often
associated with high-density step atoms, kinks and side
sites with low CNs, which make them highly active reac-
tion sites that can easily break chemical bonds [121]. The
facet of metal nanocatalysts affects the periodic structure
of the atomic arrangement, the metal bond energy, and the
adsorption and binding energies of various intermediates in
the electrocatalytic reduction of CO,, which will inevitably
have an important impact on the catalytic performance for
the electroreduction of CO,. Many studies have shown that
ethylene is more likely to form on the Cu(100) facet and that
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Fig. 10 a Reaction energy
diagram for the CO,RR to C,H,
on Cu(111) and F-Cu(111)
facets, either via a direct

*CO dimerization pathway or
*CO hydrogenation to *CHO
followed by a dimerization
pathway; b reaction energy
diagram for *CO hydrogena-
tion to *COH and subsequent
dimerization to HOC**COH on
Cu(111) and F-Cu(111) facets;
¢ reaction energy diagram for
*CO hydrogenation to *CHO
and subsequent coupling with
another *CO to O¥*CCHO on
Cu(111) and F-Cu(111) facets.
Reproduced with permission
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methane is more likely to form on the Cu(111) facet based
on the surface of a single-crystal Cu catalyst [122, 123].
The Hori group [122] systematically investigated single-
crystal Cu with high-index facets, i.e., Cu-[n(100)x (111)],
Cu-[n(100)x (110)], Cu-[n(111)x(100)], Cu-[n(111)x(111)]
and Cu-[n(110)x (100)], in 0.1 mol Lt KHCO;j solution and
found that ethylene was the main product on the surface of the
Cu electrode based on the (100) terrace facet and that ethyl-
ene production could be further facilitated by the introduction
of (111) or (110) steps on the (100) facet. The ethylene to
methane FE ratio was approximately 10 based on the (711)
facet, while it was only 0.2 based on the (111) facet. Through
electrochemical scanning tunneling microscopy (EC-STM)
and differential electrochemical mass spectrometry (DEMS),
the properties of monocrystalline Cu with the (100) facet were
compared with those of the Cu(100) facet reconstructed by
polycrystalline Cu. The results showed that no ethanol was
detected on either of the catalysts with the Cu(100) facet and
the Cu(100) facet reconstructed by polycrystalline Cu [124].
However, the Cu(100) facet reconstructed by polycrystalline
Cu was reconstructed into a (511) high-index facet after 20
redox cycles in 0.1 mol L' KOH solution, which showed the
ability to electrochemically convert CO, to ethanol with a 31%
FE, while no methane or ethylene formation was observed.
These studies strongly confirmed that the introduction of
(111) or (110) steps on the Cu(100) facet to form a high-index
facet was conducive to promoting the C—C coupling reac-
tion. The adsorption energies of important intermediates on
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the face-centered cubic (fcc)-Cu(111), (100) and (211) facets
were compared for the CO,RR based on DFT calculations,
and the catalytic performance was further validated [125]. The
binding energies of all intermediates except O on the various
facets followed the sequence: the Cu(211) facet > the Cu(100)
facet>the Cu(111) facet. Based on the binding energy rela-
tionship, the authors further calculated the catalytic activity
of CO, electroreduction to CH, on these facets. Interestingly,
the Cu(211) facet had the highest catalytic activity, while the
Cu(111) facet showed the lowest catalytic activity for produc-
ing CH,. The Cu(111) and (100) facets for the CO,RR were
also compared, and the two different reaction mechanisms
of hydrocarbon formation by CO, reduction were confirmed
[123]. In the first reaction pathway, the same intermediate was
found in the formation of CH, between the Cu(111) and (100)
facets, which preferentially occurred on the (111) facet or
step facet of the Cu nanocatalyst. In the second pathway, CO,
was selectively reduced to C,H, by forming a CO monomer
adsorbed on the Cu(100) facet. Cu catalysts with the Cu(100)
facet could promote the C—C coupling reaction, so the design
of Cu(100) facet catalysts has attracted intensive attention
[126]. The surface of polycrystalline Cu NPs was smooth and
showed similar activity and selectivity to Cu(100) facet NCs
after three redox cycles in KHCO; and KClI solution [127].
Researchers have speculated that the initial polycrystalline
Cu NPs underwent the process of Cu— CuCl— Cu,0— Cu
because they found that the polycrystalline Cu NPs still had
no obvious morphological characteristics after redox cycling
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Fig. 11 Structure characteriza-
tion of catalysts. a Illustration
of the preparation of Cu(OH),-
D/Cu foil, CuO-D/Cu foil,

and Cu,O-D/Cu foil; in situ
Raman spectra of b Cu(OH),/
Cu foil, ¢ CuO/Cu foil, and d
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treatment in KHCOj; solution without KCI. They compared
the performance of Cu NCs and polycrystalline Cu NPs for
the CO,RR and found that the onset potential of Cu NCs
to produce ethylene was —0.6 V versus RHE, whereas that
of polycrystalline Cu NPs was —0.75 V versus RHE. More
interestingly, the product of methane was not observed on the
Cu NC catalyst, while its yield was nearly two times that of
ethylene on polycrystalline Cu NPs. Cu catalysts with differ-
ent facets were studied based on the wave potential, and the
selectivity for products was examined by using in situ online
electrochemical mass spectrometry (OLEMS) technology.
The obtained results confirmed that Cu NCs significantly
improved the selectivity for C,H, in the CO,RR compared
with Cu NPs with polycrystalline structures. Although copper
could effectively electrocatalyze the reduction from CO, to
C,.. products (C,H,, C,HsOH and n-propanol), the correlation
between the activity and the active site was still unclear, which
hindered further improvement in the catalytic performance. A
Cu catalyst with abundant stepped Cu(110) sites and highly
active Cu(100) sites was reported to efficiently catalyze the
CO,RR to C,, products. Figure 11a illustrates that the cata-
lysts of Cu(OH),/Cu foil, CuO/Cu foil and Cu,O/Cu foil were
placed in a CO,-saturated 0.1 M KHCOj; aqueous solution
and reduced under a bias potential of —0.5 V versus RHE
for~800 s to prepare Cu(OH),-D/Cu foil, CuO-D/Cu foil,
and Cu,O-D/Cu foil [128]. In situ Raman spectroscopy was
employed to investigate the reduction process (Figs. 11b—11d).

{210)22(110) x{100)
(310)#3(100) x(110)

Interestingly, the Cu(OH),-D/Cu foil exhibited a rougher
structure due to the more substantial lattice change during the
reduction of Cu(OH), to metallic Cu, as shown in Figs. 11e
and 11f. The Cu(100) facet dominant in Cu(310) and Cu(210)
sites also inherited the nature of the stepped Cu(110) with low
coordination (Fig. 11g). The electrochemical results for the
CO,RR confirmed that the stepped Cu(110) and Cu(100) sites
in Cu(OH),-D/Cu foils were crucial for the selectivity/activity
enhancement of C,, products by comparing the properties of
different copper hydroxide/oxide-derived copper materials,
which showed that the Cu(110) facet promoted CO adsorp-
tion and that the Cu(100) facet promoted C—C coupling to C,,
products, as demonstrated by DFT calculations, in situ Raman
spectroscopy and in situ attenuated total reflectance-surface
enhanced infrared absorption spectroscopy (ATR-SEIRAS).
The FE for C,H, was 58%, and the total FE for hydrocarbons
and alcohols was 87% in the flow cell.

The formation of abundant grain boundaries on the surface
of copper-based catalysts is also beneficial to increasing the
selectivity for C,, in the CO,RR. Nanocatalysts are mainly
composed of grains and grain boundaries, which have impor-
tant effects on the properties of nanomaterials. In nanopoly-
crystalline materials, the orientation of grains is different, and
there is an interface between grains, which is called the grain
boundary. Grain boundaries connect grains with different
arrangement directions, and the arrangement of atoms transi-
tions from one direction to another. Therefore, the arrangement
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Fig. 12 a HR-TEM image of
the ED-Cu catalyst; b HR-TEM
image of the GB-Cu catalyst;

¢ FEs for C,, products on
GB-Cu; d comparison of FEs
for C, products on ED-Cu

and GB-Cu. Reproduced with
permission from Ref. [130].
Copyright © 2020, American
Chemical Society
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of atoms at grain boundaries is irregular, and the atoms at the
grain boundaries tend to have higher energy than those within
the grains, which can easily be used as active sites to improve
the catalytic activity. High-density Cu NW samples were pre-
pared by electrochemical reduction and H, reduction (ECR-
Cu and HR-Cu, respectively), and the relationship between
their CO, electrochemical reduction performance and grain
boundary density was systematically studied [48, 129]. High-
resolution TEM (HR-TEM) results showed that the disordered
grain boundaries of Cu NWs gradually decreased with increas-
ing reduction temperature. The electrochemical performance
showed that the catalytic activity of the Cu NW electrode was
positively correlated with the grain boundary density. In previ-
ous studies, the introduction of grain boundaries was usually
achieved by reducing CuO, which led to changes in the valence
state and morphology of Cu, thus affecting the CO, reduction
performance. Recently, Gong et al. developed a new method
for constructing grain boundaries in Cu electrodes [130]. Poly-
vinylpyrrolidone was used as an additive to regulate the Cu
nucleation kinetics in the electrodeposition process, and then, a
Cu electrode (GB-Cu) with abundant grain boundary sites was
obtained (Figs. 12a and 12b). Compared with previous studies,
this method could construct abundant grain boundaries in Cu
catalysts without changing the valence state of copper to better
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study the influence of grain boundaries on the catalytic per-
formance. The selectivity of GB-Cu for C,H, was higher than
that of the ED-Cu electrode without grain boundaries, reaching
38% at—1.2 V versus RHE (Figs. 12¢ and 12d). In addition,
the FE for CO on GB-Cu obviously decreased as the potential
became negative, while the FE for C,H, showed a volcano-
type trend. The overall selectivity for C, products (C,H, and
C,H;0H) of GB-Cu reached 70% at—1.0 to—1.3 V versus
RHE, which was significantly higher than that of ED-Cu,
indicating that GB-Cu had better activity for the deep reduc-
tion of CO,. ATR-SEIRAS was used to study the adsorption
behavior of CO in the CO, electroreduction process and found
that the adsorption peak of CO on GB-Cu shifted from 2 070
to 2 060 cm™" at—0.1 V versus RHE, indicating that GB-Cu
exhibited stronger adsorption of CO. DFT calculations further
verified that the CO binding strength at grain boundary sites
(GB1 and GB2) was higher than that at amorphous bound-
ary sites. Therefore, the presence of grain boundaries could
promote the adsorption of the key intermediate CO on the Cu
surface, thus promoting the C—C coupling reaction to gener-
ate C, products. Dendritic CuO was synthesized under rela-
tively mild conditions (200-300 °C). The structure was rich in
grain boundaries composed of the CuO(110)/CuO(111) facets,
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which was conducive to selective generation of ethylene. The
FE for ethylene at—1.3 V versus RHE was 78% [131].

In general, the metal surfaces of nanostructures induce the
formation of defects and low coordination sites and tightly
bind *CO [132] compared with bulk metals, which signifi-
cantly changes the surface coordination and converts the
product from CO to hydrocarbons and alcohols. Ag is also a
very promising catalyst for achieving high selectivity in the
CO,RR due to its low overpotential. A porous Ag foam cata-
lyst was studied that had an approximately 60% FE for CH,
and C,H, at—1.5 V versus RHE [133], which was related to
the surface defects and low coordination sites of porous Ag
foam. The surface defects and low coordination sites signifi-
cantly increased the binding energy with CO and resulted in
an increase in the FE for CH, and C,H,. CuO nanosheets
were synthesized by the liquid phase method and directly
used as CO,RR electrocatalysts [134]. During the prereduc-
tion stage, the CuO nanosheet catalyst underwent dynamic
recombination and gradually evolved into coral-like Cu NP
aggregates with abundant Cu(100)/Cu(111) grain bounda-
ries. The coral-like structure could limit the retention time of
CO and improve the coverage rate of *CO. DFT calculation
results showed that the Cu(100)/Cu(111) grain boundaries
could reduce the energy barrier of the C—C coupling reac-
tion and promote the generation of C,, products from CO.
At a potential of —1.1 V, the FE and current density fora C,,,
product were 72.1% and 25.2 mA cm™2, respectively. The
excellent catalytic performance of the CO,RR was attributed
to the synergistic effect between the coral-like morphology
and abundant Cu(100)/Cu(111) grain boundaries. Therefore,
combining crystal facet engineering techniques and morphol-
ogy effects is also an effective way to improve the selectivity
for C,, products of Cu-based catalysts. Although the cata-
lytic selectivity of Cu-based catalysts for C,, products could
be effectively improved by controlling the crystal facets and
morphology, in the actual catalytic process of the CO,RR, the
crystal facets and morphology dynamically change with the
electrochemical process, which leads to catalytic selectivity
change and even deactivation [135, 136]. Therefore, ensuring
the stability of the crystal surface and morphology is the key
to practical application of this strategy in the CO,RR.

4.2 Interface Engineering

The interface of heterogeneous catalysts, especially metal/
metal oxide composite catalysts, often has very special elec-
tronic characteristics. The unique electronic structure and the
synergistic effect between the metal and metal oxide regulate
the binding affinity of the intermediate on the catalyst surface
and thereby endow the catalysts with improved electrocata-
lytic activity and selectivity for the CO,RR. For instance, a
low overpotential for the metal site of H, was introduced on
a metal surface with high H, overpotential for interaction

between H, and CO, adsorbed on the adjacent sites, which
greatly reduced the overpotential and improved the selectivity
in CO, reduction. Engineering metal oxide/bimetal interfaces
has proven to result in not only superior catalytic activity to
the single-component counterparts but also dramatically dif-
ferent catalytic products. In addition, the catalytic stability has
also been greatly improved. In recent years, there have been
many studies on this aspect [137]. Ag-Cu,O electrodes were
prepared through electrochemical deposition. Ammonia solu-
tion (NH;) and potassium cyanide (KCN) electrolytes were
employed to obtain phase-separated Ag-Cu,Opg and phase-
blended Ag-Cu,Opp, respectively [138]. In the CO, electro-
chemical reduction process, the introduction of Ag inhibited
the generation of hydrogen and increased the population of
CO, thus regulating the selectivity for ethanol and ethylene.
The FE for ethanol was 20.1% and 34.15% on Ag-Cu,Opg
and Ag-Cu,Opg, respectively, higher than the value of 10.5%
for biphase Cu,O-Cu without Ag doping, which suggested
that the optimal interface structure between Ag and Cu was
very important and could promote effective transfer of CO
from Ag to Cu sites, thus improving the selectivity for ethanol
products.

Cu metallic electrodes show great advantages in the elec-
trocatalytic reduction of CO,. Further modification of the sur-
face can not only prevent poisoning of the electrode itself but
also effectively tailor the selectivity for the reduced product.
Compared with pure metals, metastable metal oxides on the
metal surface can also participate in the electroreduction of
CO, by stabilizing the CO," intermediate or directly mediat-
ing electron transfer, thus significantly improving the catalytic
performance in the electrochemical reduction of CO,. The
metal Sn was confirmed to have no catalytic performance in
the electroreduction of CO,, while the oxide SnO, showed
high activity for the CO,RR [139]. The combination of Sn
and SnO, could produce a synergistic effect, and the com-
posite material had higher performance, which provided new
insights to design structures based on Cu catalysts. In situ
electrochemical reduction of preformed metal oxides during
the reaction to engineer the metal/metal oxide interface is
another method to modify metal electrodes toward improved
catalytic performance in the electrochemical CO,RR. Metal
oxide catalysts may be partially reduced to the metallic state
due to the negative voltage applied to the anode, yielding an
“oxide-derived catalyst” [140]. Oxide-derived copper elec-
trodes could convert CO, to methanol and improve the selec-
tivity for methanol [141], which was first reported by Fress
et al. The deliberate oxidation and reduction of copper cata-
lysts toward an optimal Cu/CuO, interface structure is crucial
to improve the performance in the electrochemical CO,RR.
In addition, the oxide-derived catalysts showed a significant
property difference compared with metal catalysts, the reduc-
tion of metal oxides in situ on the electrode surface could
lead to a change in morphology, and some residual metastable
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oxides could change the electronic structure and environment
of the active site, thereby tailoring the catalytic behaviors.
These metal/metal oxide catalysts could convert CO, to not
only 2e” reduction reaction products (CO, HCOOH) but also
multielectron hydrocarbons (C,H,, C,H, and C,H;OH).
Cu,0-, CuO- or Cu(OH),-derived materials are regarded as
catalysts with great potential for the electrochemical reduction
of CO,, which can selectively reduce CO, at a relatively low
potential [142]. Cu,O is a typical intrinsic p-type semiconduc-
tor material with a band gap of 2.1 eV [143]. Thus, growing
a layer of Cu,O on the surface of Cu catalysts through oxida-
tion has attracted increasing attention. A layer of Cu,O thin
film with controllable thickness could be electrodeposited on
the surface of a Cu sheet in the copper lactate electrolyte by
electrodeposition [47]. The results showed that the thickness
of the Cu,0O film had an obvious effect on the selectivity for
CO, reduction products. When the film thickness was small
(the electrodeposition parameter was 3 C cm™2), the reduc-
tion product was mainly C,H,. When the film thickness was
large (the electrodeposition parameter was 11 C cm™2), the
reduction product was C,Hg. In addition, Cu foil was first
oxidized in air to form a layer of Cu,O at 500 °C, and then, a
large number of Cu NPs were generated on the surface of Cu
foil through electrochemical reduction to obtain a more abun-
dant nanostructure surface and effectively reduce CO, [144].
The preparation methods of OD-Cu catalysts can be roughly
divided into two categories: annealing methods and nonan-
nealing methods. The preparation method plays a key role in
the product distribution. The OD-Cu catalysts prepared by
annealing methods had high selectivity for C, products (such
as CO and formic acid) and low selectivity for C, products
[48]. In contrast, OD-Cu catalysts prepared by nonanneal-
ing methods were more likely to produce C, products (such
as acetic acid, ethylene and ethanol) [145]. Cu,O thin films
were prepared on polished copper substrates by galvanostatic
deposition and converted CO, to C,H, and C,Hs;OH products,
in which the FEs for C,H, and C,H;OH products reached
34%-39% and 9%—16%, respectively, while the formation of
CH, was significantly inhibited [109]. Metals with rough sur-
faces have lower coordination sites than metals with smooth
surfaces, so they have a larger surface area for electrochemi-
cal activity. Therefore, the electrocatalytic performance can
be improved by surface treatment of metal. Cu,O catalysts
with different thicknesses (0.2—8.8 pm) were prepared on
Cu sheets through constant current deposition and compared
with electrolytically polished Cu [146]. These catalysts were
used as electrodes for the CO,RR for 4 200 s, and the sur-
face of the electropolished Cu sheet was still smooth and flat,
while the surface of the electrode with deposited Cu,O was
very rough, with Cu NPs of 100 nm or even larger size. The
products were analyzed, and the electrode with 3.6 pm thick
Cu,0 was found to exhibit the highest selectivity toward the
C, products. The FEs for ethylene and ethanol were 34.3% and
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16.4%, respectively, whereas the FE for methane was less than
1% at—0.99 V versus RHE. In contrast, the FE for ethylene
on the electropolished Cu sheet was only 13.8%, and no etha-
nol could be detected. Cu,O with a thickness of 3.6 pm was
reduced to Cu polyhedral NPs with a thickness of 0.5-1 pm,
and the step surface on Cu NPs promoted the formation of C,
products. In addition, similar results have been reported in the
literature [105], in which catalysts derived from Cu,O showed
higher selectivity for C, products.

The treatment method of oxide-derived Cu catalysts is par-
ticularly important to achieve high selectivity for C, products.
Surface plasma treatment is one of the most effective meth-
ods reported to improve the activity by rapidly changing the
chemical state of the surface at room temperature, generating
defects and/or removing the capped ligands used for the syn-
thesis of NPs without sintering. Oxygen plasma treatment is
another metal preoxidation method. Compared with thermal
oxidation, oxygen plasma treatment can quickly change the
chemical state on the surface of the catalyst at room tem-
perature, which is more convenient and controllable. Oxygen
plasma treatment of metal copper could significantly improve
the selectivity for C, products [147]. Copper foil was treated
with oxygen and hydrogen plasma to prepare novel nano-
structured oxide layers and porous surfaces with adjustable
morphologies and polycrystalline Cu. Cu,0-derived Cu NPs
with different initial crystal orientations and film thicknesses
were studied for the electrochemical CO,RR, and Cu* was
found to be the active species for converting CO, to ethylene.
Using plasma-treated Cu foil as the working electrode, the
Cu-Cu,0 catalyst could convert CO, to CO, HCOOH and
C,H, products at a relatively negative potential, and the FE
for C,H, was 60% at—0.9 V versus RHE [109].

In addition, in situ oxidation of the metal electrode during
the reaction is also a promising method. For example, a Cu
catalyst was oxidized in situ by using a mixture of CO,/O, as
the feedstock gas, and in situ oxidation significantly inhib-
ited the generation of CH, and improved the selectivity for
C,H, [148]. Jim et al. [149] confirmed that metal oxides were
involved in CO, reduction, and they were regarded as typi-
cal zero-dimensional metal catalysts. With the aid of surface
and volume induction technology, the Cu,O electrode was
found to be only partially reduced during electrolysis; thus,
the product produced by the reduction reaction was the result
of the synergistic effect of Cu,0O and Cu. The overpotential
of the Cu,0 electrode was only 200 mV. In addition to CO
and HCOOH, the Cu catalyst also contributed to the forma-
tion of CH,, while Cu,O showed better selectivity for C,H,.
PdCl, was further introduced into Cu,O during electrochemi-
cal synthesis and improved the selectivity for C,Hg [150]. The
authors believed that doping of PdCl, could further activate
hydrogen and provide a relatively optimal environment to con-
vert C,H, to C,H,. The biphasic electrocatalyst of Cu,O-Cu
was prepared in situ on the surface of a polycrystalline Cu foil,
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induced by CI” while the electroreduction potential was con-
trolled to be —1.6 V versus RHE, and the FE of the C, product
could reach 55%. In addition to metal catalysts, various metal
oxide catalysts were also loaded onto electrodes to measure
the performance for the CO,RR [151]. A Cu@Cu,O catalyst
was prepared by oxidizing copper rods at room temperature
to grow a thin layer of Cu,O on the surface of Cu rods [152].
The results showed that the Cu@Cu,O catalyst had excel-
lent selectivity for C, (ethylene and ethanol); the FE could
reach 50% at—1.0 V versus RHE because Cu,O on the surface
of Cu@Cu,0 was relatively stable during the catalytic pro-
cess and was not reduced, and the synergistic effect between
Cu* and Cu on the surface of Cu@Cu,O was beneficial to
improving the selectivity for C, products. Figures 13a and
13b show the 3D dendritic Cu-Cu,O composites obtained by
in situ reduction electrodeposition of copper complexes [145],
which could efficiently reduce CO, to C, products (acetic acid
and ethanol) at—0.4 V versus RHE. Figures 13c and 13d show
that the FE for the C, product was up to 80% and that the cur-
rent density was 11.5 mA cm™. Subsequent studies showed
that the main reason for the excellent catalytic performance
of the catalyst for the C, product was that the 3D dendritic

structure of the catalyst exposed abundant active sites, and
the ratio of active sites Cu*/Cu® was appropriate.

By using the wet chemical oxidation process, the oxidation
state of copper on the surface of a catalyst can be well con-
trolled to enable the conversion from CO, to C, products with
high FE [153]. For example, a Cu surface was partially oxi-
dized to form an initial Cu(I) chloride layer, which was then
converted to a Cu(I) oxide surface. These catalysts were first
tested in an H-type electrolytic cell, and the results showed
that they had very high C, selectivity and that the FE for C,
products reached 73%. In particular, the FE for C,H, reached
56%, and the total current density was 17 mA cm 2. Then, the
catalyst was evaluated by using a flow-type electrolytic cell in
a highly alkaline electrolyte. Impressively, it completely sup-
pressed the production of CH, and generated a current density
of 336 mA cm 2, with a total FE of 84% for C, products and a
conversion efficiency of 50%. Although oxide-derived metal
electrodes have shown excellent catalytic performance in the
electrochemical reduction of CO,, their catalytic mechanism
and active sites are still controversial. A study showed that in
the electrochemical reduction reaction process, the oxidized
copper would be first reduced to metallic copper because the
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reduction of copper oxide is more favorable in terms of kinet-
ics and energy than CO, reduction [154]. In addition, the sta-
bility of residual oxides was explored by using O'® isotopes,
and the results showed that only a small part of the initial O'8
remained after the electrochemical CO,RR (< 1%). Therefore,
the excellent catalytic performance of oxide-derived metal
electrodes for the CO,RR was believed to show little relation-
ship with residual oxides [155]. However, many recent stud-
ies have identified Cu®, Cu* and their interfaces as the active
sites for oxygen-derived copper catalysts [156]. According
to theoretical calculations, the presence of Cu™ and O in the
subsurface of the catalyst could promote the activation of
CO, molecules and the dimerization of the *CO intermediate
[157]. Quantum mechanical calculations were used to show
that surface Cu* species are actually negatively responsible
for CO, reduction. However, Cu* could be partially reduced
to Cu’, and the synergistic effect between Cu™ and Cu® could
promote the two key steps of CO, adsorption/activation and
CO dimerization, which was reflected in both the thermody-
namics and kinetics. Specifically, the activation energy barrier
of the two steps of CO, adsorption/activation and CO dimeri-
zation was calculated by comparing three surfaces, namely
the pure Cu(111) facet, pure Cu,O(111) facet and Cu,O(111)
facet partially reduced to Cu’. The results showed that for the
adsorption and activation steps of CO,, the energy barrier of
activation on the surface of pure Cu,O(111) was the high-
est, while the energy barrier of activation on the Cu™/Cu’
interface was the lowest, and the reaction was exothermic.
On the Cu™/Cu” interface, the energy barrier of activation of
the endothermic CO +CO — OCCO process was even lower
than that of the CO +H— CHO process, which indicated that
the coexisting interface of Cut and Cu® increased the ratio
of C, products to C; products. In addition, the product dis-
tribution for the CO,RR could be significantly changed by
controlling the oxidation state of Cu [158]. Based on these
findings, the design of electrocatalysts that can stabilize the
presence of Cu* in the reduction reaction will further improve
the selectivity for C,, products in the electrochemical reaction
of CO,. By adjusting the oxidation state of Cu, the problem
of insufficient catalytic stability caused by unstable factors
such as crystal surface and morphology could be effectively
overcome [159-162].

4.3 Strong Metal-Support Interactions

In the field of electrocatalysis, metal catalysts are the most
widely studied but still have shortcomings, such as low cur-
rent efficiency and poor stability in the CO, reduction process.
Catalysts, especially metal nanocatalysts for the CO,RR, usu-
ally undergo agglomeration and exhibit uneven dispersion,
which will affect the exposure of active sites and result in
decreased accessible active sites. Despite the excellent
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performance of Cu electrodes in the electrochemical reduc-
tion of CO,, self-supported metal catalysts still present great
challenges, and new electrode materials urgently need to be
developed. Carbon materials with high specific surface area
and electrical conductivity are often used as catalyst supports
because they are easy to modify and functionalize. In recent
years, carbon supports have been widely used as electrocata-
lyst supports due to their low cost, large specific surface area
and good electrical conductivity. Recombining metals with
carbon supports has been proposed as a method to achieve
surface modification and improve stability [163—165]. The
interface between the support and catalyst can regulate the
distribution of electrons for the catalyst, change the adsorption
strength of intermediate products and prevent the agglomera-
tion of metal nanocatalysts, thus improving the performance
of metal nanocatalysts [166]. Therefore, utilizing the syner-
gistic effect between the support and metal is also one of the
strategies to improve the CO,RR performance. The supports
for Cu NCs of foil and carbon paper were compared [167],
and Cu NCs deposited on the carbon paper were found to
be less stable, in which the size decreased and the surface
became rough, even forming a porous structure during the
reaction. Therefore, the Cu NCs supported on the carbon
paper for the CO,RR were more inclined to produce methane
(the highest FE was approximately 50%), while the highest FE
for ethylene was only approximately 25%, which was lower
than that of Cu NCs supported on the Cu foil. (The highest
FE for ethylene was approximately 50%.)

When a metal is loaded on a heteroatom-doped carbon
material, the interaction between the metal and the sup-
port can change the electronic structure of the metal, thus
improving its intrinsic catalytic activity, which is conducive
to the activation of CO, molecules and the adjustment of the
binding energy of important intermediate products. This is
an efficient method to improve the catalytic performance for
CO,. Based on the traditional catalyst system, Cu catalysts
were prepared and loaded on various substrates to fully dis-
perse the active NPs and expose the active sites to improve
the performance through synergistic effects. The kinetics of
CO, reduction could be enhanced due to the unique electronic
and physical properties of graphene. For example, a variety
of carbon materials, including pure graphite (PG), reduced
graphene oxide (rGO), GO, nitrogen-doped graphene, carbon
nanotubes (CNTs) and carbon gel, were used for deposition
of Cu catalysts for electrochemical reduction of CO,. Cu,O/
rGO composite catalysts were proven to change the selectiv-
ity of traditional Cu-based catalysts in the CO,RR, on which
the ethanol production rate was as high as 9.93% [168]. Cu
NPs were loaded on the surface of nitrogen-doped multilayer
graphene with intense folds and spikes (CNS) to prepare a
copper composite catalyst (Cu/CNS) by using electrochemi-
cal nucleation. Compared with copper NPs loaded on a GC
electrode and Cu NPs not loaded on the surface of CNS, Cu/
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CNS composite electrodes for the CO,RR showed excel-
lent catalytic properties, and the FE for C,H;OH at—1.2 V
versus RHE was as high as 63%, whereas C,H;OH was not
detected on the surface of Cu NPs loaded on the GC electrode
and Cu NPs not loaded on the surface of CNS. The current
densities for C,HsOH on the surface of Cu/CNS composite
electrodes were 3 times and 5 times higher than those on the
surface of copper NPs loaded on the GC electrode and Cu
NPs not loaded on the surface of CNS. After 6 h of reac-
tion, the activity and selectivity of the Cu/CNS catalyst did
not significantly decrease. Based on electrochemical analysis
and DFT calculations, the synergistic effect between Cu NPs
and nitrogen-doped carbon plays a key role in the dimeriza-
tion of the intermediate *CO to C,H;OH [169]. In addition,
theoretical studies have shown that Cu loaded on graphene
improved the catalytic ability and stability because the defect
sites could firmly anchor Cu NPs, thus increasing the Cu-
graphene interaction. In addition, defect sites would stabilize
the reaction intermediates in the CO,RR process and prevent
Cu NPs from agglomerating [170]. Thus, to improve the num-
ber of defect sites and the catalytic activity, N-doped graphene
was applied as a support to load Cu NPs. Furthermore, carbon
lattices doped with N, S or B were explored as supports for
Cu NPs, and the neighboring carbon atoms could become the
active sites. Cu NPs were assembled on pyridine-rich nitrogen
graphene (p-NG) and converted CO, to HCOOH at—0.9 V
versus RHE and to C,H, at—0.8 V versus RHE with FEs of
62% and 19%, respectively. CO, and protons were absorbed
by pyridine N functional groups, which effectively promoted
the hydrogenation reaction and carbon-carbon coupling reac-
tion and were conducive to generating C,H, products [171].
An Ag-G-NCF composite catalyst was prepared by loading
Ag NPs on nitrogen-doped carbon foam wrapped by graphene
for the CO,RR. The FE for C,H;OH was up to 82.1%-85.2%
at—0.6 to—0.7 V versus RHE, which could react stably for
10 h. However, the current density was approximately as low
as 0.31 mA cm ™ at—0.5 V versus RHE. The authors believed
that the high selectivity for ethanol was due to the ability of
pyridine nitrogen to increase the adsorption strength of the
intermediate *CO on the surface of the catalyst and promote
its conversion to *OC-COH, which finally produced C,H;OH
[172]. This design would provide a new pathway for the devel-
opment of non-copper-based electrocatalytic materials that
could effectively reduce CO, to C, products.

In addition to graphene, biomass-based carbon materials
have been widely developed in the field of electrochemis-
try for the CO,RR due to their high electrical conductivity
and strong corrosion resistance. An electrochemical catalyst
of monodispersed Cu NPs was prepared by using butterfly
wings. The Cu NP/BCF nanocatalyst could convert CO, into
C,H, with a 67% FE and maintain the stability of the reac-
tion for 24 h [173] because the synergies between pyridine
nitrogen and Cu NPs could promote the coupling of C-C

bonding and the hydrogenation of intermediate products, and
the butterfly wing-derived nitrogen-doped carbon support
could effectively prevent Cu NP aggregation. The high cata-
lytic performance of metal composite catalysts mainly came
from the synergistic effect between the metal and the support,
and optimizing the interaction between the metal and support
to adjust the adsorption strength of intermediate products on
the surface of the catalyst is essential to improve the catalytic
activity and selectivity for the CO,RR.

4.4 Surface Modification

Surface modification is mainly manifested in the manufacture
of surface defects, and its promotion effect on CO, electroca-
talysis can be summarized from the following aspects: (i) a
large number of dangling bonds and unsaturated ligand sites
are generated on the surface of nanocatalysts [174], which can
be used as the active sites of materials and affect the perfor-
mance of the CO,RR by regulating the adsorption strength
of different intermediates on the surface of nanocatalysts; (ii)
surface defects can regulate the electronic structure of the
catalyst, and catalysts rich in defects are usually conducive
to charge transfer at the interface [175]. Based on the modi-
fication of nanocatalysts, CO,RR research is mainly focused
on the creation of atomic defects (oxygen vacancies, sulfur
vacancies or phosphorus vacancies) [176], doping [177],
surface etching, etc. [178]. The electronic states and surface
structure are important for the selective and active transforma-
tion of CO,. The functionalization strategy on the Cu surface
can effectively modify the surface electronic state and chem-
istry because these functional groups can adjust the adsorp-
tion/desorption of reaction intermediates, thus changing the
reaction path to form different products. Cu catalysts modified
with organic functional groups have good activity and selec-
tivity for the CO,RR. Cu NPs with a rhombic dodecahedron
structure were prepared by modifying Cu NCs with Se-octane
as the etching agent [179]. After 12 h of etching, the electrode
surface was basically covered by the Cu(110) facet. The exper-
imental results for the CO,RR showed that the FEs for CH,
and C,H, reached 58% and 16% at—1.1 V versus Ag/AgCl,
respectively. Moreover, compared with the Cu NC structure,
the selectivity for CO decreased after etching, and the selec-
tivity for hydrocarbon products significantly improved. Amino
acids can also be used to modify copper electrodes for the
CO,RR. The electron-rich groups attached to the exterior of
copper can change the adsorption state of CO* on the Cu
surface. Cu NWs and Cu foils were modified with different
kinds of amino acids, dodecyl mercaptan and stearic acid,
respectively [180]. A Cu NW film was synthesized by elec-
trochemically reducing a Cu(OH), NW film on Cu foil in
KHCOs; solution, and the thickness of the film was estimated
to be 0.8 pm. Figure 14a shows a field-emission scanning
electron microscopy (FESEM) image of the Cu(OH), NW
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Fig. 14 a FESEM image of a
Cu(OH), NW film. b Cu NW
film. ¢ FE in the full potential
range from—1.3to—-1.9 V
versus Ag/AgCl. d FE for dif-
ferent concentrations of glycine
at—1.9 V versus Ag/AgCl. e FE
with different kinds of amino
acids at—1. 9 V versus Ag/
AgClL. f FE with different kinds
of modifiers at—1.9 V versus
Ag/AgCl. Reproduced with
permission from Ref. [180].
Copyright © 2016, Royal Soci-
ety of Chemistry
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film, which was uniformly coated on the whole surface of the
copper foil. FESEM images obtained at higher magnification
further revealed that the NWs formed were 100-200 nm in
diameter and tens of microns in length (the inset in Fig. 14a).
After electrochemical reduction, the Cu NWs still maintained
a one-dimensional morphology; however, the straight NWs
became curved with the roughened surfaces of the NWs, as
shown in Fig. 14b. The FEs for various products obtained
on Cu NW films with and without glycine modification are
shown in Fig. 14c. The experimental results showed that the
FE for C,H, on the surface of Cu NWs treated with glycine
reached 34.1% at—1.9 V versus Ag/AgCl, which was signifi-
cantly higher than that on the untreated electrode (17.8%). To
evaluate the effect of the modification degree, the FEs for total
hydrocarbons on Cu NW film electrodes with various gly-
cine amounts at a typical potential of —1.9 V versus Ag/AgCl
were examined (Fig. 14d). The FEs for total hydrocarbons
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first increased and then decreased with increasing glycine
amount. To clarify which groups affected the selectivity for
reduction products in the process of amino acid modifica-
tion, the electrode was modified by stearic acid (COOH-rich
stearic acid) and diazonium salt (NH,-rich diazonium salt). To
determine whether other amino acids would also function in a
similar way, various amino acids, including DL-alanine, DL-
leucine, DL-tyrosine, DL-arginine and DL-tryptophan, were
also investigated, with the same concentration of 1.0 mmol
L~!, as shown in Fig. 14e. Cu NW film electrodes modified
with all kinds of amino acids performed better in producing
hydrocarbons compared with the bare Cu NW film electrode.
The Cu nanofilm modified with glycine showed excellent
activity for C,—C; hydrocarbons (C,Hg, C,H, and C;Hg),
with an FE of 34.1%. Figure 14f shows the investigation of
other modifiers containing neither -COOH nor -NH, groups
and further confirms the critical role of amino acids in the
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Fig. 15 DFT calculations on

enhancing C, electroproduc-
tion. a Partial density of states
(PDOS) plot of Cu 3d and C

2p orbitals in pure copper and
boron-doped copper catalysts,
suggesting that CO has a greater
electronic interaction with
copper in the Cu(B) system. b
The CO adsorption energy (E,,)
monotonically increases as the
partial positive oxidation state
of copper increases. ¢ FEs for
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promotion of the efficiency of CO, conversion to hydrocar-
bons. The results showed that the C,H, selectivity on the Cu
electrode modified with diazonium salt was much higher than
that on the electrode modified by stearic acid. Theoretical cal-
culations revealed that hydrogen bond formation between the
CHO* and —-NH;" ends of zwitterionic glycine resulted in
extra stabilization of CHO*, which was beneficial to the high
activity and selectivity for multicarbon products. MoS, was
reported to be capable of catalyzing CO, to yield C;H,OH
(approximately 3.5% FE) in 0.1 mol L™ NaHCO; [181]. The
performance of commercial MoS, and MoS, sputter deposited
on silicon thin films for the CO,RR was investigated, and
the FEs for n-propanol, ethylene glycol and tert-butanol were
only approximately 3.5%, 1% and 1%, respectively. Recently,
nickel phosphide (Ni,P) has demonstrated high selectivity for
converting CO, to C; and C, products at overpotentials as low
as 10 mV, with an FE for 2,3-furandiol of 71% [182]. These
studies have shown that metal carbide, sulfide and phosphide
catalysts can convert CO, to polycarbonyl alcohols at lower
potentials.

The catalytic activity and selectivity of nanocatalysts are
closely related to their electronic structure. Doping can change
the electronic structure and surface state of catalysts and then
tailor the physical structure and electrical conductivity, which
greatly improves the catalytic activity for the CO,RR. A tuna-
ble Cu(100) facet was prepared and doped with O and Cl, with
variable composition, by using plasma technology to handle
Cu foil [183]. Further results confirmed that the presence of
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O in the surface and subsurface of nanocatalysts was the key
to realizing the conversion of CO, into hydrocarbons/alco-
hols, which was even more important than the influence of
the Cu(100) facet. The stability of O and the influence on CO
binding were explored under reduction conditions through
DFT calculations [184]. Researchers first identified the influ-
ence of O in the subsurface of nanocatalysts and vacancies on
the CO binding energy and then explored the kinetic barrier
of O diffusion to the Cu(111) surface, which further proved
that O in the subsurface was unstable during the CO,RR. The
stability and diffusion of O in the subsurface of the monocrys-
talline Cu(111) facet and the Cu(100) facet were studied by
DEFT [185]. The results showed that O was stabler on the sur-
face than in the subsurface for both crystal directions. The
diffusion rate of a single O atom from the bottom of a single
Cu layer to the surface was 5x 10 s™! according to the DFT
results, and once proper voltage and dispersion force were
applied, CO, could be absorbed without subsurface O on the
Cu surface. However, accurately simulating the interaction
between water molecules and protons in the water reaction
process at the current theoretical level was difficult, which
hindered further exploration of the electrochemical reduction
of CO, in aqueous systems. B was used to adjust the ratio
of Cu®* to Cu’ active sites to improve the stability and effi-
ciency of electrocatalytic reduction of CO, to C, products on
Cu-based catalysts. The DFT calculation results showed that
adjusting the average oxidation state of Cu could control CO
adsorption and the C—C dimerization reaction and promote
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electrosynthesis of C, products. Highly selective C, products
of the CO,RR were obtained on boron-doped Cu catalysts
with stable electron localization. The relationship between
the oxidation state of Cu and the generation of C, products by
electroreduction of CO, has proven theoretically and experi-
mentally, as shown in Figs. 15a and 15b [158]. When the aver-
age valence state of Cu was+0.35, a high FE of approximately
80% for C, hydrocarbons was achieved. Under these condi-
tions, C, and C; products were completely inhibited in both
the gas and liquid phases (Figs. 15c—15¢). The boron-doped
Cu catalyst showed excellent stability in producing C, from
the CO,RR and maintained high efficiency for nearly 40 h.

5 Conclusion and Outlook

From the perspective of green chemistry and sustainable
development strategies, the conversion from carbon dioxide to
C, or multicarbon products through electrochemical catalysis
can effectively alleviate energy shortages and environmental
problems. However, the thermodynamic stability and kinetic
inertia of CO, make it difficult to activate. Therefore, design-
ing and developing efficient catalysts to realize the rapid
conversion and utilization of CO, is important. This review
focuses on electrocatalysts that can catalyze CO, reduction
to C, products. The electrocatalytic CO,RR is limited by the
chemical inertia of CO, itself, the low solubility in aqueous
solution, and the competition with the HER. Different Cu-
based catalysts (e.g., monometallic Cu catalysts, bimetallic
catalysts, MOFs, MOF-derived catalysts and other catalysts)
and the related reaction mechanisms (carbene dimerization,
CO dimerization and CHO + CO coupling) were systemati-
cally investigated. Several catalyst strategies, including sur-
face facet engineering, interface engineering, utilization of
strong metal-support interactions and surface modification,
were proposed to improve the performance in carbon diox-
ide electrocatalytic reduction. The CO,RR still faces great
challenges in aqueous solutions, and future research should
focus on the following directions. (i) In situ characterization
techniques and DFT calculations should be developed to
gain in-depth insights into the catalytic mechanism for the
CO,RR. The mechanism of the CO,RR is complex, espe-
cially the formation mechanism of C, products. Various in situ
analysis techniques (in situ XAS, in situ fluorescence spec-
troscopy, in situ Raman spectroscopy) and DFT calculations
are required to capture the intermediate products formed in
the CO,RR process, monitor the dynamic changes on the sur-
face of nanocatalysts and quantitatively analyze the interme-
diates and products generated in the process of electroreduc-
tion, which are necessary to elucidate the mechanism of this
complex reaction. (ii) Cocatalysts play a vital role in building
a synergistic catalytic system. The composite nanomaterials
of main catalysts and cocatalysts could give full play to the
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good electrical conductivity of metal and the adsorption of
small intermediate molecules by the cocatalyst. With the help
of cocatalysts, the realization of high-activity, high-stability
and even wide-working-potential catalysts is highly promis-
ing. The efficient conversion from CO, to C,, product fuel
could be achieved by building a synergistic catalytic system
with a functional organic small molecule-nanometal com-
posite structure. Based on many advantages of small organic
molecules as cocatalysts, achievement of efficient conversion
from CO, to various low-carbon fuels is expected through the
construction of a synergistic catalytic system with a functional
small organic molecule-nanometal composite structure. (iii)
Based on the synergistic effect, SACs show excellent cata-
lytic performance in the electrochemical reaction of CO, but
still face many problems. To prevent agglomeration, SACs
are usually prepared with low metal loading, but their overall
activity has difficulty competing with that of NPs, and their
selectivity for C, products is poor. Therefore, development
of new SACs to convert CO, into multicarbon products with
high activity and high selectivity is essential.
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