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Electrocatalytic reduction of carbon dioxide (CO2) is one of the most promising technologies available to
mitigate environmental problems introduced by the continuous increase in its concentration that has
occurred since the industrial revolution. This technology also is attractive from the viewpoint that it can be
based on carbon-neutral energy by converting CO2 into fuels and value-added chemicals using solar or other
forms of renewable energy. In this review, fundamental concepts related to electrocatalysis, the electrical
double layer, physical and chemical properties of CO2, the interaction of CO2with electrode surfaces, and the
sources of carbon and proton that underpin this technology are provided. Insights into recent mechanisms
proposed for the electrocatalytic reduction of CO2 also are provided along with a survey of progress in the
rational design of new electrocatalysts. Discussion on achievements in the field is focused on the variation in
products formedby different electrocatalysts and the design strategies that have been introduced to alter the
electronic and geometric properties of the electrocatalysts. Finally, recommendations for achieving further
advances in electrocatalytic reduction of CO2 in a systematic manner are presented.
© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon dioxide (CO2) is an important carbon source needed to
sustain Life on Earth. Historically, its concentration in the atmo-
sphere has been regulated by photosynthetic organisms and
geological phenomena. In Nature, about 203 gigatons of CO2 are
recycled each year [1,2]. Until recently, Nature has been able to
maintain a carbon cycle based on a delicate balance between the
consumption and production when both involve natural processes.
However, the consumption of fossil fuels by human activity is
currently producing over 30 additional gigatons of CO2 per year [3]
that cannot be accommodated in the natural carbon cycle. As a
result, the CO2 concentration in the atmosphere has increased
dramatically in the last 100 years [4], and the accompanying
greenhouse effect has a major impact on climate change [5].
Accordingly, it is vital to develop technologies that minimize CO2
accumulation in the environment [6,7].

Producing an anthropogenic carbon cycle by converting CO2 and
H2O into fuels and chemicals using solar or other forms of renew-
able energy is an appealing strategy to remove excess CO2 [8,9].
an open access article under the C
This strategy not only mitigates energy and environmental issues
related to CO2 emission, but also creates a profitable carbon econ-
omy [10,11]. Fig. 1 illustrates a simplified version of an anthropo-
genic carbon cycle. In such a system, renewable energy is converted
to chemical energy stored in CO2-derived fuels and chemicals. The
key to close this anthropogenic carbon cycle is through the
reduction of CO2 to useful chemicals [12]. Techniques such as bio-
logical, thermochemical, photochemical, and electrochemical ones
are being widely studied for CO2 reduction. Among these tech-
niques, the electrochemical conversion of CO2 has several advan-
tages, including mild reaction conditions, controllable reaction
rates and product selectivity through the applied potential, and
wide scalability due to modular electrolyzer designs. Electro-
catalytic reduction of CO2 coupled with intermittent renewable
energy sources is a promisingmethod for increasing the application
of renewable energy in the fuel and chemical industries [13].
2. Fundamentals of electrocatalytic CO2 reduction

2.1. A brief introduction of the fundamentals of electrocatalysis

Electrocatalysis is a combination of electrochemistry and
catalysis. Electrochemistry interconverts electrical and chemical
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



Fig. 1. Illustration of a simplified anthropogenic carbon cycle.
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energy, while catalysis increases the rate of a chemical reaction.
Because electrocatalysis achieves chemical transformation at an
electrode surface, it can be regarded as a special form of hetero-
geneous catalysis that involves interaction and electron exchange
between reactants and an electrocatalyst, the latter often being the
electrode or a component of the electrode [14]. An overall elec-
trocatalytic process consists of cathodic and anodic processes
occurring in two compartments separated by a membrane to pre-
vent the mixing of the cathodic and anodic reaction products, as
illustrated in Fig. 2a. During this process, a non-spontaneous elec-
tron transfer reaction is driven by an external power supply, so that
the electrical energy is converted to the chemical energy of the
reaction products. The cathodic/anodic components of the process
involve electron-conducting phases (electrodes) connected by an
ion-conducting phase (electrolyte medium). However, as the
cathode electrode/electrolyte interface is where electrocatalytic
CO2 reduction reactions take place, a detailed understanding of this
interfacial region is needed.

In electrochemistry related to CO2 reduction, electrodes are
under potentiostatic control and influenced by the negative charge
Fig. 2. Schematic illustration of (a) a conventional electrocatalytic system and (b) the electr
CO2 reduction. IHP and OHP are the inner and outer Helmholtz planes, respectively.
on the surface of the electrode. This results in strong interactions
between the ions/solvent molecules in solution and the electrode
surface, and the formation of a region called the electrical double
layer (Fig. 2b) which consists of an array of charged species and/or
oriented dipoles [15,16]. The structure of the interface is typically
divided into five distinct regions, namely the electrode surface, the
inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP), the
diffuse layer, and the bulk solution [15]. The closest layer to the
electrode is the IHP, which may contain specifically adsorbed re-
actants, reaction intermediates, reaction products, solvent mole-
cules, and solvated electrolyte ions. The OHP is comprised primarily
of solvated ions with the opposite charge to that of the electrode,
which are non-specifically adsorbed and interact with the electrode
via long-range electrostatic forces. The IHP and OHP form a
compact layer. The diffuse layer, which is a three-dimensional re-
gion consisting of non-specifically adsorbed ions, extends from the
OHP to the bulk solution. The Helmholtz layer and the diffuse layer
form the electrical double layer. The total charge density of the
electrical double layer, which includes the charges of both the
compact and diffuse layers, equals that of the electrode, but with an
opposite sign [15,16]. The rates of electrode processes can be
affected by the structure of the double layer.

The electrocatalytic CO2 reduction reaction (CO2RR) is an inner-
sphere process [17], where the adsorption and bond rearrangement
of the CO2 molecule and reaction intermediates proceed within the
IHP [18]. When a CO2 molecule approaches the electrode surface,
interactions with both the electrolyte medium and the electrode
come into play. Electrocatalytic processes are therefore influenced
by factors such as the potential-dependent structure of the solvent,
reaction-induced concentration gradients, potential-dependent
behavior of electrolyte ions, strong interactions of electrolyte ions
with the electrode surface and adsorbed species and their impact
on the double layer structure, reaction activity and product
selectivity.

2.2. Physical and chemical properties of CO2

The CO2 molecule is linear and centrosymmetric. The C]O bond
length is 116.3 pm, which is markedly shorter than that of a CeO
single bond and also shorter than carbon-oxygen bonds in many
other multiply bonded functional groups, such as the CeO bond in
ical double layer structure at the cathode, which is of primary concern with respect to



X. Zhang et al. / Materials Today Advances 7 (2020) 100074 3
carbonyls [19]. Although the C]O bonds in CO2 are polar, the dipole
moment of the molecule is zero because the two bond dipoles
cancel each other due to the linear structure. The carbon center of
the CO2 molecule is electrophilic. The bonding electrons are more
closely associated with oxygen than with carbon due to the dif-
ference in their electron negativities. CO2 itself is a highly stable
form of carbon with a C¼O bond energy of 805 kJ mol-1 [20]. The
direct decomposition of CO2 to CO and O2 yields a large enthalpy
change (DHo) of 283.0 kJ mol-1 under standard conditions (1 atm,
298.15 K) [21].

CO2 (g) / CO (g) þ 1/2 O2 (g); DHo ¼ 283.0 kJ mol-1 (1)

The standard electrode potentials (Eo) for selected CO2RR half-
reactions are provided in Table 1 [22,23]. However, the sluggish
kinetics of the CO2RRmeans that a muchmore negative potential is
required to drive the reactions at an appreciable rate than implied
by the Eo value. Significantly, the activation energy of the CO2
molecule to form the CO2

�� radical anion, which is often the first
elementary electron transfer step in a CO2RR, only proceeds at a
very negative applied potential (�1.9 V vs. the standard hydrogen
electrode (SHE) at a non-catalytic surface) [24]. Accordingly, in the
development of electrocatalysts for the CO2RR, it is vital to lower
the kinetic energy barriers and improve energy efficiency.
2.3. Interaction of CO2 molecules with the electrode surface

Under CO2RR conditions, when a CO2 molecule adsorbs onto an
electrode surface, it binds to the surface through chemisorption,
which involves electron redistribution and the formation of a
chemical bond. Discussion on how CO2 binds to a catalyst surface is
helpful in understanding the chemisorption process, which often is
the first elementary step of the CO2RR. Fig. 3a shows the molecular
orbital diagram for CO2. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of
CO2 are 1pg and 2pu, respectively [25]. Both the relative order as
well as the absolute HOMO and LUMO energy levels greatly influ-
ence the adsorbate-surface chemistry. Furthermore, chemisorption
is highly directional, like all chemical bonds. Consequently, chem-
isorbed adsorbates (chemisorbates) adhere to specific sites, and
this binding interaction strongly depends on their orientation with
respect to the surface.

The orientation of the HOMO and LUMO with regard to the
surface determines the nature of the bonding. Both 1pg and 2pu

orbitals distribute symmetrically along themolecular axis. The fully
occupied 1pg orbital strongly interacts with the electronic states of
a metallic electrode. Effectively, the electron density of the 1pg
orbital is donated to the electrode resulting in new hybrid elec-
tronic states. The 2pu orbital accepts electrons from the electrode
and forms new hybrid electronic states that are primarily localized
around the CO2 molecule. The chemisorbed CO2 molecule has a
bent configuration [27]. Three possible configuration types for
chemisorbed CO2 molecule on a metal surface have been proposed,
as shown in Fig. 3b. However, the Cs configuration can be excluded
Table 1
Selected Eo values for the CO2RR (V vs. SHE) at 1.0 atm and 25 �C.

CO2RR half-reactions Eo (V vs. SHE)

CO2(g) þ 2Hþ(aq) þ 2e- / CO(g) þ H2O(l) �0.106
CO2(g) þ 2Hþ(aq) þ 2e- / HCOOH(l) �0.199
CO2(g) þ 6Hþ(aq) þ 6e- / CH3OH(l) þ H2O(l) 0.030
CO2(g) þ 8Hþ(aq) þ 8e- / CH4(g) þ 2H2O(l) 0.169
2CO2(g) þ 12Hþ(aq) þ 12e- / CH2CH2(g) þ 4H2O(l) 0.064
2CO2(g) þ 12Hþ(aq) þ 12e- / CH3CH2OH(l) þ 3H2O(l) 0.09
because no asymmetric stretching loss in the specular direction has
been observed [27]. The C end down in the C2v configuration is
preferred for the CO and hydrocarbon-producing electrocatalysts,
based on the fact that the overlap of both 1pg and 2pu orbitals with
the metal states is most favored by a linear geometry, and the
carbon center is electrophilic. In contrast, the O end down C2v
configuration is adopted for formate-producing electrocatalysts. As
the 1pg orbital of CO2molecule is non-bonding, modification of this
orbital does not have a strong influence on the intramolecular C]O
bonds. However, the 2pu orbital is antibonding, hence, the
increased occupation of this orbital leads to a weakening of the C]
O bonds and thus higher reactivity of the CO2 molecule [28]. The
above overview provides a simplified illustration of how a catalyst
can decrease the activation energy barrier for the CO2RR. The actual
CO2RR mechanism is far more complicated, as discussed later.

2.4. Performance indicators for electrocatalytic CO2 reduction
systems

Before proceeding to the consideration of actual data obtained
experimentally, it is useful to introduce the performance indicators
that are widely used to compare CO2RR systems. The evaluation of
the performance of a CO2RR system is muchmore complicated than
the hydrogen evolution reaction (HER) or the oxygen evolution
reaction (OER) due to the inherently greater complexity arising
from the co-existence of multiple proton-coupled electron transfer
reaction pathways that can lead to numerous products. The
competing hydrogen evolution reaction (HER) also can consume a
considerable amount of the input charge. High selectivity for the
desired product is most advantageous to avoid wasting electricity
on unwanted products and also to facilitate product separation.
Normally, product selectivity is evaluated by measuring the prod-
uct faradaic efficiency (FE) [29], which is calculated via Equation (2)
where n is the number of electrons transferred per mole of product,
F is the Faraday constant, N is the number of moles of the product
obtained by electrolysis at a certain potential, and Q is the total
charge consumed by the electrolysis.

FE ¼ nFN/Q � 100% (2)

Another important performance indicator is the overpotential
(h) which is defined in Equation (3) as the absolute value of the
difference between the applied potential (E) at which a significant
amount of the desired product is produced and the equilibrium
potential of the relevant CO2RR half-reaction (Eeq):

h ¼ |E e Eeq| (3)

The overall energy efficiency of a CO2RR system also should take
into account the corresponding anodic reaction. In fundamental
studies of the CO2RR, details on the anode reaction are often
omitted for simplicity. Therefore, energy efficiency is not a
commonly used performance indicator for the CO2RR systems.

The reaction rate is also an important performance indicator of a
CO2RR system. In molecular electrocatalysis, when the structures of
the active sites are well-defined, the turnover frequency is often
used as an indicator of the reaction rate [30]. However, when bulk
or nanostructured materials are used as the electrocatalysts, active
sites with unknown structures often coexist. Under these circum-
stances, the catalytic current density (j) is often used to indicate the
average activity of the catalyst. To calculate the current density, the
catalytic current is normalized by the electrode area, which can
either be the geometric or electrochemically active surface area
(ECSA). For practical simplicity, the geometric current density is
often used to indicate the activity of a catalyst. The ECSA-based j



Fig. 3. (a) Energy levels for molecular orbitals of CO2. Reproduced with permission [26]. Copyright Andrew R. Barron. (b) Possible coordination modes of CO2 on a metal surface.
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value obtained under kinetically controlled conditions is often used
to estimate the intrinsic activity of the catalyst [31]. Partial current
density, calculated by multiplying j by the FE of a target product, is
used to describe the reaction rate of CO2RR towards the production
of that product.

The stability of an electrocatalytic CO2RR system is another key
performance indicator that is commonly evaluated by conducting
long term bulk electrolysis under a constant applied potential. Both
current density and FE of the target product are recorded during
this process to evaluate the catalytic stability. Monitoring of prod-
uct selectivity through the determination of FE is crucial during
stability testing because current density on its own does not pro-
vide conclusive evidence on the stability of an electrocatalyst for
CO2 reduction due to the complexity of the products formed.
3. Electrocatalytic CO2 reduction mechanisms

3.1. An overview of the reaction pathways

As the CO2RR is a complicated multi-electron and multi-proton
transfer process, proposing a definitive mechanism for a given re-
action is challenging. According to Kuhl et al. [32], as many as 16
products which include a wide range of alkanes, alkenes, alde-
hydes, ketones, alcohols, and carboxylic acids have been identified
for the CO2RR on a Cu catalyst. Fig. 4 shows the proposed reaction
pathways for CO2RR products via enol-like surface intermediates.
This reaction scheme represents a complex network, where many
reaction products share similar reaction intermediates. Details and
elementary steps of most of these reactions are still to be confirmed
experimentally.

The complexity of the CO2RR process is further enhanced by the
existence of a broad range of reaction intermediates. The kinetically
more facile HER can be predicted by a simple Sabatier principle, a
qualitative measure of the activity of a catalyst which predicts that
high catalytic activity can be achieved when the catalyst and sub-
strate interact neither too weakly nor too strongly [33]. On the
contrary, improving the selectivity of CO2RR for value-added
products is far more challenging because the binding energies of
different intermediates scale with each other due to their similar-
ities in terms of surface chemistry [34]. Fig. 5 shows the calculated
scaling relationships of different C-bound intermediates for the
formation of CH4. The hydrogenation of *CO to form *CHO involves
the highest free-energy change of 0.75 eV and is therefore
considered the rate-determining step (RDS). To reduce the energy
change, the surface should bind *CHO more strongly than *CO.
Nevertheless, the scaling relationship makes this difficult to ach-
ieve [35]. Many strategies have been proposed to break the scaling
relations to enhance CO2 reduction performance by tuning the
electronic properties of the catalysts or the reaction environments,
as summarized by Li and Sun [36].
3.2. Carbon and proton sources

Both carbon and protons are needed in most CO2 reduction re-
actions. Although a range of CO2-containing species, such as mo-
lecular CO2, bicarbonate, carbonate, and carbamates may be
present in a CO2 conversion electrolyte medium, early experi-
mental evidence suggested that molecular CO2 is likely to be the
electroactive species [38e40]. More recently, extensive in-
vestigations involving surface-sensitive infrared spectroscopy and
mass spectrometry [41e43] have confirmed that CO2 is the elec-
troactive species in the CO2RR. However, CO2 is brought to the
catalyst surface via HCO3

� as illustrated in Fig. 6. It has been hy-
pothesized that under CO2RR conditions, hydrated cations would
densely accumulate in the outer Helmholtz plane [44]. Conse-
quently, the negatively charged HCO3

� anions would most likely
approach the electrode surface more easily than CO2 due to their
electrostatic attraction to the cations. These HCO3

� anions near the
electrode surface could release CO2 molecules for the CO2RR and be
regenerated from CO2 in bulk solution in rapid equilibrium. The net
outcome would be that the continuous consumption and regener-
ation of bicarbonate anions mediate CO2 from the bulk solution to
the electrode surface. However, it should be noted that the rate of
dissociation of HCO3

� is very slow (2.3 � 10�4 s�1 at 25 �C [45]).
Thus, if the mechanism considered above is correct, the kinetics of
HCO3

� dissociation would need to be much faster at the electrode/
electrolyte interface than in bulk solution. Further research is
required to clarify the details of the role of bicarbonate in the CO2RR
mechanism.

There are two obvious proton sources in aqueous bicarbonate
medium, H2O and bicarbonate. Both H2O [46] or HCO3

� [47,48] have
been considered as the proton sources for the CO2RR, but



Fig. 4. Proposed reaction pathways for CO2 reduction products with enol-like surface intermediates. Reproduced with permission [32]. Copyright 2012 The Royal Society of
Chemistry.

Fig. 5. Scaling relationships for C-bound intermediates relevant to the CO2RR pathway
on a range of metal surfaces. Reprinted with permission [37]. Copyright 2012 American
Chemical Society.

Fig. 6. Schematic illustration of the hypothesized role of bicarbonate anions in the
CO2RR. Reprinted with permission [43]. Copyright 2017 American Chemical Society.
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on different bases. Consideration of HCO3
� as the proton source is

based on thermodynamics; HCO3
� is a much stronger acid than H2O

according to their dissociation constants (pKa) values of 10.3 and 14,
respectively. However, Dunwell and coworkers have questioned the
role of HCO3

� as solely a direct proton donor [42], as they obtained a
significantly lower partial current density for CO (jCO) in a phos-
phate buffer solution than that in a bicarbonate solution having a
similar pH and the same concentration of Naþ (0.1 M), even though
H2PO4

� (pKa ¼ 7.2) is a more effective proton donor. Moreover, no
specific adsorption of either bicarbonate or phosphate attributed to
electrostatic repulsion between the anions and the negatively
charged electrode surface has been observed spectroscopically
under CO2RR conditions. However, this latter evidence is not suf-
ficient to exclude HCO3

� as a proton donor because dissolved proton
donors of this kind can in principle also participate in a surface
reaction via the EleyeRideal mechanism, i.e. the adsorbed CO2
molecules/reaction intermediates on the catalyst surface react
directly with solution-phase HCO3

� [49].
4. Recent progress in the rational design of electrocatalysts
for CO2 reduction

Variation in the electrocatalyst, electrolyte medium, and cell
configuration can all influence the performance of the CO2RR.
However, the electrocatalyst plays the most significant role. This
section of the review discusses the development of electrocatalysts
for the CO2RR in aqueous electrolyte media.

A large number of electrocatalysts are reported every year in the
CO2RR field, and almost all have been designed and synthesized on
an empirical rather than rational basis [7,9,29,35,50e57]. Various
catalyst design strategies, such as reducing the size to nanoscale,
constructing of porous hierarchical structure, exposing specific
facets, quantum confinement, doping, alloying, and defect engi-
neering have been developed to tune the adsorption of reaction
intermediates. All these strategies function by modifying the elec-
tronic and geometric properties of a catalyst, which play a decisive
role in the CO2RR.

Fig. 7 illustrates the catalyst design strategies for the heteroge-
neous CO2RR process. In general, the electronic structure of a
catalyst surface has a major influence on the overpotential and
selectivity of the CO2RR by directly modifying the binding energies
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of reaction intermediates. The geometric structure is usually
directly related to the catalytic site density and arrangement, which
could affect the product selectivity and current density. However, it
should be kept in mind that these structural properties are often
inherently coupled. For example, nanoporous materials often
contain numerous grain boundary defects that have unique elec-
tronic and geometric properties. Doping or alloying one metal
surface with a second metal will inevitably change both the elec-
tronic and local geometric properties. Quantum confinement is
another example that is induced by confined geometry, yet it also
can influence the electronic properties.

Theoretical understanding of the CO2RR mechanism also has
advanced rapidly in the past few years [36,52,58]. A comprehensive
summary of recent advances achieved in CO2RR by combining
state-of-the-art theoretical understanding with catalyst design
strategies is provided below and reveals how knowledge of the
correlation between product selectivity and the structure of the
catalyst can provide valuable insights into future catalyst design.
The discussion is divided into four subsections containing a pro-
gressive increase in the number of electrons required to form the
product type. The first two subsections cover the simplest two-
electron reduction products of formate/formic acid and CO. The
third considers the further reduced methane and methanol C1
products (C1 ¼ products with one carbon), while the fourth focuses
on the most valuable and challenging C2þ products (C2þ ¼ products
with at least two carbons). In each subsection, the formation
mechanisms of the target product are discussed along with recent
advances in catalyst design strategies aimed at improving the
selectivity.
Fig. 7. Illustration of catalyst design stra
4.1. Formate/formic acid producing electrocatalysts

Formic acid/formate, a common CO2RR product, is a key
chemical feedstock that is important for fuel cells [59]. Previous
mechanistic studies demonstrated that formic acid cannot be
reduced to other products, indicating that the pathway for formic
acid formation differs from the hydrocarbon-forming ones [60,61].
In an aqueous medium, three reaction pathways for CO2 reduction
to formate via different intermediates have been proposed in the
literature: R1) a *COOH intermediate [62,63], R2) a *OCOH inter-
mediate [64e66], and R3) a *H intermediate [67], as illustrated in
Fig. 8a. The *H pathway is supported by the lack of a experimental
signature for an interfacial carbonate on bismuth. However, theo-
retical calculations by Koh [68] show that the *OCOH pathway is
energetically the most favorable one.

Formate is one of the simplest CO2 reduction products. The fact
that there is only one key intermediate for the formation of formate
indicates that the Sabatier principle should be applicable for pre-
dicting the catalytic performance of transition metals for CO2
reduction to formate. Feaster et al. plotted formate partial current
densities obtained at �0.9 V vs. the reversible hydrogen electrode
(RHE) against *OCHO binding energies. According to the well-
defined volcano plot (Fig. 8b) obtained [46], gold (Au), silver (Ag),
platinum (Pt), and copper (Cu) are weak binding metals, suggesting
that their interaction with *OCHO may not be strong enough to
form formate with high selectivity. Nickel (Ni) and zinc (Zn) are
strong-bindingmetals that bind *OCHO too strongly, hence formate
is not expected to desorb quickly from the surface based on the
linear relationship. Tin (Sn) is located close to the top of the
tegies for the heterogeneous CO2RR.



Fig. 8. (a) Three possible reaction pathways for the formation of formic acid; (R1) via
the formation of *COOH intermediate, (R2) via the formation of *OCOH intermediate,
and (R3) via the formation of *H. Reprinted with permission [68]. Copyright 2017
American Chemical Society. (b) Volcano plot using *OCHO binding energy as a
descriptor for formate partial current density at �0.9 V vs. RHE. Sn appears near the
top of the volcano, suggesting that *OCHO is a key intermediate for CO2 reduction to
formate on Sn. Reprinted with permission [46]. Copyright 2017 American Chemical
Society.
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volcano, indicating that it has close to optimal binding energy for
*OCHO which is a key intermediate for formate generation on
transition metals. It should be noted that although bismuth (Bi) is
not included in Fig. 8b, it is also reported to greatly favor the
adsorption of the *OCHO intermediate over *COOH and *H [67].

In general, tin (Sn), bismuth (Bi), palladium (Pd), lead (Pb), and
indium (In) all have demonstrated relatively high selectivity for
formate production. Other metals, such as cobalt (Co), copper (Cu),
or antimony (Sb) with suitable structures also can show high
selectivity for formate. Table 2 summarizes the performance of
recently reported formate-producing heterogeneous catalysts. A
more perceptual comparison of the performance of these catalysts
is shown in Fig. 9. Sn and Bi-based materials are the most widely
studied and the most promising formate-producing electro-
catalysts. Furthermore, they are comparatively inexpensive and
environmentally benign. A key drawback of these catalysts is their
low activity (or high overpotential), which can be partially over-
come by using catalyst design tools, such as alloying, creating
porous structure, creating defects, or 2D engineering [69e71].
For single metal Sn-based electrocatalysts, the FE of formate
(FEformate) is mostly in the region of 80%e90% in the applied po-
tential range of �0.80 to �1.20 V vs. RHE. For example, the elec-
trochemically reduced SnO2 porous nanowire catalyst (Sn-pNW)
shows superior activity for CO2 reduction to formate than other
nanostructured Sn catalysts [72], with formate formation starting
at a low overpotential (350 mV) and reaching the maximum FEfor-
mate of ca. 80% at�0.8 V vs. RHE. The much-improved activity of Sn-
pNWs compared to the commercial SnO2 nanoparticles for the
CO2RR is attributed to a large number of grain boundaries (GBs)
present in the porous structure which are highly active for formate
formation. The introduction of a second metal improves formate
selectivity by modifying the electronic structure of the Sn surface.
Improved FEformate and a lowered overpotential have been reported
with bimetallic Sn-based catalysts containing Ag [73], Cu [74,75],
Pd [76], and Bi [77] as the second metal, while a decrease in FEfor-
mate has been obtained with cadmium (Cd) and zinc (Zn) [78]
containing Sn catalysts. Specifically, Bai et al. [76] developed a
PdeSn alloy electrocatalyst for the conversion of CO2 into formate,
which shows a close-to-one hundred percent selectivity toward
formate formation at a very low applied potential of �0.43 V vs.
RHE. Density functional theory (DFT) calculations suggest that the
formation of the key reaction intermediate *OCHO is most favor-
able on the PdeSn alloy catalyst.

Although the enhanced performance of Sn-based bimetallic
catalysts has been experimentally confirmed, there is a lack of
mechanistic insight on the synergistic effect between Sn and the
second metal. Recently, Wen et al. [77] reported highly selective
CO2RR to formate on bimetallic BieSn electrocatalysts attributed to
orbital interactions. DFT calculations revealed that BieSn is supe-
rior for the stabilization of *OCHO intermediate than Sn on its own.
To provide a deeper understanding, the electron density and the
wave function were deconvoluted into the atomic orbital contri-
butions to enable the analysis of the projected density of states of
the O atom in *OCHO and surface Sn atoms in Sn (101) and BieSn
(101). Harmonic p-p and p-s overlap between the O-2p, Sn-5s
and Sn-5p states was observed in Sn (101) at energy levels from
0 to �10 eV (Fig. 10a). Conversely, three new harmonic overlaps (a,
b, and g) are obtained for BieSn (101), indicating that the O and Sn
atoms interact strongly on the Bi-doped Sn (101) surface. Large
overlap between the O-2p and Sn-4d states is observed especially
for the a and g areas, suggesting strong OeSn bonding.

The availability of electrons for a given reaction is determined by
the density of states at the Fermi energy level. Before *OCHO
adsorption, the projected density of states of the p orbitals (Fig.10b)
and d orbitals (Fig. 10c) of a Sn atom on BieSn (101) surfaces are
shifted away from the Fermi level of Sn (101). The d orbitals of Sn
should be taken into account in investigating the changes of elec-
tronic structures, even though it is not a transition metal. The
adsorption energy of the *OCHO intermediate on the BieSn (101)
surfaces is enhanced by the transfer of electrons from the O atoms
to the less electronegative p and d orbitals of Sn atoms and results
in improved selectivity of CO2RR for formate. This study provides
subatomic level insights and a general method for bimetallic
catalyst development and surface engineering for highly selective
CO2 electroreduction.

Less effort is needed to suppress the competing HER for Bi-
based electrocatalysts because this metal is inert towards this
reduction process [79]. However, their activity for the CO2RR is low.
Consequently, many recent studies have focused on creating porous
nanostructures that can increase the exposure of catalytically active
sites of Bi, such as nanodendrites [80], nanosheets [81e84], or
nanoparticles [85,86], to improve the catalytic activity.

A representative example of a Bi electrocatalyst is based on
mesoporous bismuth (mpBi) nanosheets developed by Yang et al.



Table 2
Summary of the performance of recently reported formate-producing heterogeneous catalysts for the CO2RR in aqueous media.

Catalyst Electrolyte/cell
configuration

Applied potential
(V vs. RHE)

FE of formate (%) Partial current
density (mA/cm2)

Reference

Sn Mesoporous SnO2 0.5 M NaHCO3/H cell �0.90 83 ~15 [95]
SneOH 0.1 M KCl/H cell �1.15 82.5 ~13 [96]
CuSn3 alloy 0.1 M KHCO3/H cell �0.50 95 31 [74]
Ni-doped SnS2 nanosheets 0.1 M KHCO3/H cell �0.90 80 ~16 [97]
Bi NPs-decorated Sn nanosheets 0.5 M KHCO3/H cell �1.10 96 ~48 [77]
SnO2 NPs 1 M KOH/Flow cell �0.95 46 ~68 [98]
Ag3Sn@SnOx 0.5 M NaHCO3/H cell �0.80 80 16 [73]
Mesoporous SnO2 nanosheets 0.5 M NaHCO3/H cell �0.97 87 45 [99]
Reduced SnO2 porous nanowires 0.1 M KHCO3/H cell �0.80 80 ~4.8 [72]
PdSn/C 0.5 M KHCO3/H cell �0.43 99 ~2 [76]
Graphene-confined Sn nanosheets 0.1 M NaHCO3/H cell �0.96 85 21 [100]

Bi Lattice-dislocated Bi nanowires 0.5 M NaHCO3/H cell �0.69 95 15 [101]
Cu-doped Bi NPs 0.5 M KHCO3/H cell �1.2 90 34 [102]
Bi/Bi2O2CO3 nanosheets 0.5 M NaHCO3/H cell �0.70 85 ~12 [87]
Bi2S3-derived Bi 0.5 M NaHCO3/H cell �0.75 84 ~5 [103]
Bi NPs 0.5 M KHCO3/H cell �0.83 94.7 ~5 [85]
Bi nanosheets 0.1 M KHCO3/H cell �1.1 86 16.5 [81]
Mesoporous Bi nanosheets 0.5 M NaHCO3/H cell �1.1 ~100 18 [82]
BiOx NPs/C 0.5 M NaHCO3/H cell �1.1 93.4 16.1 [86]
p-orbital-delocalized Bi 0.5 M KHCO3/H cell �1.16 95 57 [66]
Bi nanosheets 0.5 M NaHCO3/H cell �0.90 95 ~13 [84]
BiePMo nanosheets 0.5 M NaHCO3/H cell �0.86 93 30 [104]
Bi2O3eN-doped graphene 0.5 M KHCO3/H cell �0.90 95 ~17 [64]

Pd B-doped Pd 0.1 M KHCO3/H cell �0.50 70 ~5 [105]
Electrodeposited Pd film 0.1 M KHCO3/H cell �0.40 ~55 ~2 [106]
High index facets Pd NPs 0.5 M KHCO3/H cell �0.40 97 ~21 [107]
Pd/C 2.8 M KHCO3/H cell �0.05 100 ~2 [91]

Pb Sulfide-derived Pb 0.1 M KHCO3/H cell �1.08 88 12 [108]
PbO2-derived Pb 0.5 M NaHCO3/H cell �0.80 100 3.5 [109]

In S-doped In 0.5 M KHCO3/H cell �0.98 93 ~60 [110]
Cu Sulfide-derived Cu 0.1 M KHCO3/H cell �0.80 ~60 ~2.5 [92]
Co CoOx nanosheets 0.1 M Na2SO4/H cell ~ �0.33 ~90 ~10 [93]
Sb Sb nanosheets 0.5 M NaHCO3/H cell �1.06 84 ~8 [94]
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[82], which has achieved ~100% FEformate. The mpBi nanosheets
were derived from Bi2O2CO3 (BOC) nanosheets and are composed
of interconnected Bi nanoparticles of about 5e10 nm in size
(Fig. 11a). Mesoporous nanosheets have enlarged surface areas and
therefore can maximize their contact with the liquid electrolyte.
The authors estimated the electrochemically active surface area
(ECSA) of mpBi nanosheets from the capacitive current obtained by
Fig. 9. FE of formate plotted as a function of applied potential for recently reported
formate-producing heterogeneous catalysts for the CO2RR in aqueous solution.
ReSnO2NW: reduced SnO2 nanowires. BieSnNS: Bi decorated Sn nanosheets. MP-
BiNS: mesoporous Bi nanosheets. LD-BiNW: lattice dislocated Bi nanowires. OD-Pb:
oxide derived Pb. SeIn: S doped In. SD-Cu: sulfide derived Cu. CoOxNS: CoOx nano-
sheets. SbNS: Sb nanosheets. Table 2 should be consulted for more detailed
information.
cyclic voltammetry and concluded that 13.4% of the total Bi sites are
electrochemically accessible. The mpBi nanosheets showed signif-
icantly improved selectivity towards formate production when
compared to Bi nanoparticles (Fig. 11b). The faradaic efficiency in-
creases to over 80% at �0.7 V vs. RHE, reaches a maximum value of
99% at �0.9 V vs. RHE, and then starts to slowly decline as the
applied potential becomes more negative. The authors attributed
the superior performance to the advantageous nanostructure. The
CO2RR performance is promoted by the unique 2D mesoporous
nanosheet morphology with enlarged surface areas, abundant
undercoordinated Bi sites, and structural robustness. However, it
should be noted that the Bi-BOC interface on a partially reduced
BOC was later shown to be more active for the CO2RR than the fully
reduced BOC [87]. BOC-derived Bi could exhibit a p-orbital delo-
calization phenomenon similar to bismuth oxychloride (BiOCl)-
derived Bi [66], which can facilitate the adsorption of *OCHO in-
termediate of CO2 reduction and thus boost the rate for formate
production.

In addition to Sn and Bi, palladium (Pd) is another formate-
producing metal that shows high selectivity with extremely low
overpotentials. However, it is not practical for large-scale applica-
tion due to its high cost. Pd is usually considered an inefficient
CO2RR catalyst that mainly produces CO [88]. However, it also can
catalyze CO2 reduction to formate via an electrohydrogenation
mechanism with a negligible overpotential but with low current
densities and in a narrow potential range around 0 V vs. RHE
[89,90]. Min and Kanan [91] have shown that highmass activity and
high current density of CO2 reduction to formate can be achieved
on Pd nanoparticle electrodes with small overpotentials. However,
CO poisoning results in the deactivation of this catalyst. In both CO2
and N2-saturated HCO3

� solutions, an average rate of about 80 mA



Fig. 10. Projected density of states of (a) s, p, and d orbitals of Sn atom and p orbitals of O atom on Sn (101) and BieSn (101) surfaces with *OCHO; (b) p orbitals and (c) d orbitals of
Sn atom on Sn (101) and BieSn (101) surfaces before *OCHO adsorption. Reprinted with permission [77]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.
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per mg Pd for CO2 reduction to formate can be obtained for over 3 h
on Pd on carbon (Pd/C) electrodes with an overpotential as small as
200 mV. CO is generated at a potential-dependent rate as a minor
product and binds strongly to the Pd surface inhibiting its catalytic
activity. Fig. 12 shows the mechanism of the CO2RR on Pd nano-
particles. Initially, reversible hydrogen adsorption results in a
steady-state palladium hydride (PdH) coverage. The reaction of
surface hydrogen and CO2 forms *OCHO which is the rate-
determining step and is followed by its rapid one-electron reduc-
tion to formate.

Cu, Co, and Sb-basedmaterials are not well-recognized formate-
producing electrocatalysts. However, with a properly exposed
Fig. 11. (a) Transmission electron microscopy (TEM) image of mesoporous Bi nanosheet (mp
with the faradaic efficiencies of formate on Bi nanopowder. Adapted with permission [82].
catalyst surface, their efficiency toward formate production can be
improved significantly. For example, a sulfide-derived copper (SD-
Cu) catalyst can selectively produce formate as the CO intermediate
binds strongly to the residue subsurface sulfur atoms [92]. The 4-
atom-thick layered Co-based catalysts show higher intrinsic activ-
ity and selectivity for formate formation at lower overpotentials
compared to the bulk counterpart. The intrinsic activity of the
catalyst can be further improved through partial oxidation [93]. Li
et al. utilized an electrochemical exfoliation method to produce 2D
Sb nanosheets (SbNSs) and turned the CO2RR inactive bulk Sb into
active formate-producing Sb nanosheets due to the exposure of the
catalytically active edge sites [94].
Bi). (b) Faradaic efficiencies of formate, H2, and CO on mpBi nanosheets in comparison
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.



Fig. 12. Electrohydrogenation mechanism for CO2 reduction on Pd/C. Reprinted with permission [91]. Copyright 2015 American Chemical Society.

Fig. 14. FE of CO plotted as a function of applied potential for recently reported CO-
producing heterogeneous catalysts for the CO2RR in aqueous solutions. CD-Ag: car-
bonate derived Ag. NG-AuNP: N doped graphene wrapped Au nanoparticles. AuFe:
AuFe alloy nanoparticles. HeZn: hexagonal Zn. AD Sn: atomically dispersed Sn. PdNP:
3.7 nm Pd nanoparticles. CueIn: CueIn alloy. SA Fe-NG: single-atom Fe on N doped
graphene. SA Co: single-atom Co. SA Ni-NC: single-atom Ni on N doped carbon. NG: N
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4.2. CO producing electrocatalysts

CO is another simple CO2 reduction product that only requires
the transfer of two electrons per molecule. The CO formation re-
action pathways in aqueous media are well established. *COOH is a
key intermediate, which is formed via either a stepwise or
concerted proton-coupled electron transfer process as shown in
Fig. 12a.

Feaster et al. correlated the calculated binding energies of
*COOH on various metal surfaces against the experimentally
determined partial current densities for CO at �0.9 V vs. RHE
(Fig. 13b) [46]. A volcano type trend in activity is observed for CO2
reduction to CO. The trend that maximum activity can be achieved
when a metal binds neither too strongly nor too weakly to key
intermediates, evidently follows the Sabatier principle. This vol-
cano plot resembles those reported previously using the CO binding
energy as the descriptor [57].

Fig. 14 shows the FEs for CO as a function of applied potential for
recently reported CO-producing heterogeneous catalysts in
aqueous solutions. Detailed performance data and relevant refer-
ences are provided in Table 3. Bulk Ag, Au, Zn, Cd, and Pd are typical
CO-producing metals, with Ag- and Au-based materials the most
widely studied ones. The recent trend in research for this category
of catalyst has been to focus on materials design that reduces the
overpotential and enhances CO selectivity, as well as minimizes
material costs. Sn and In are typical formate-producing metals that
can be tuned to mainly produce CO by techniques such as alloying
or doping.

A special category of CO-producing material is the single-atom
catalyst (SAC), which is normally composed of atomically
dispersed metal atoms on N doped carbon. Fe, Co and Ni-based
Fig. 13. (a) Reaction pathways for the formation of CO. (b) Volcano plot using *COOH bindi
with permission [46]. Copyright 2017 American Chemical Society.
SACs have all been reported to show high CO selectivity for the
CO2RR [111e113]. Other than metal-based catalysts, metal-free
materials, mainly N doped carbon, have also been reported to be
good CO-producing electrocatalysts [114,115].

Au is the most active metal catalyst for reducing CO2 selectively
to CO. As shown in Fig. 14, Au-based catalysts can achieve high FECO
ng energy as a descriptor for the CO partial current density at �0.9 V vs. RHE. Adapted

doped graphene.
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over the potential range of �0.25 to �0.67 V vs. RHE. Fu et al.
demonstrated that N-doped graphene quantum dot-wrapped sin-
gle-crystalline Au nanoparticles (NGQDs-SCAu, Fig. 15a) show
enhanced catalytic activity for converting CO2 into CO at ultra-low
potentials [116]. The highest FECO achieved is 93% at �0.25 V vs.
RHE, and CO production starts at a potential as low as �0.15 V vs.
RHE (Fig. 15b), which is much lower than found with other Au-
based nanocatalysts. The origin of the superior catalytic perfor-
mance of NGQDs-SCAu towards CO2RR to CO was further explored
by DFT-based first-principle computations using N doped carbon
(NC) supported SCAu (NCeSCAu) as a model. The calculated free
energies of the reaction pathways are shown in Fig. 15c. COOH*
formation on NC-SCAu exhibits an enthalpy change of 0.41 eV,
which is significantly lower than that on SCAu or NC alone. The
enhanced binding affinity of COOH species on pyridinic N sites of
NC-SCAu is attributed to charge transfer as demonstrated by the
electron distribution image (Fig. 15d). On this basis, the negatively
charged pyridinic N sites on the NCQDs-SCAu work as surface
functional groups to enhance the adsorption of COOH and hence
result in improved catalytic activity for the production of CO.

Another important strategy for enhancing the catalytic activity
of Au-based catalysts is to introduce GBs. Kanan and coworkers
proposed that the improved activity of the nanocrystalline oxide-
derived catalysts can be attributed to the presence of a large
Table 3
Performance summary of recent reports on CO-producing heterogeneous catalysts for CO

Catalyst Electrolyte

Ag Iodide derived Ag 0.5 M KHCO3/H
Ag dendrites on Cu foam 0.5 M KHCO3/Fl
Ag2CO3 derived Ag 0.1 M KHCO3/H
Ag nanowire array 0.5 M KHCO3/H
Ag/PTFE 1 M KOH/GDL-F
Plasma-activate Ag 0.1 M KHCO3/H
Triangular Ag nanoplates 0.1 M KHCO3/H
Ag NPs decorated Zn nanoplates 0.1 M KHCO3/H
Mesoporous Ag 0.1 M KHCO3/H
Ag-CNT 1 M KOH/GDL-F
Oxide derived Ag 0.1 M KHCO3/H

Au AuCu alloy NPs 0.5 M KHCO3/H
PdeAu nanowires 0.5 M KHCO3/H
Au NPs/graphene 0.1 M KHCO3/H
N doped graphene wrapped Au NPs 0.5 M KHCO3/H
Au with surface adsorbed Cl� 0.2 M KHCO3/H
Au NPs with chelating ligands 0.5 M KHCO3/H
AueFe NPs 0.5 M KHCO3/H
Au NPs/graphene 0.5 M KHCO3/H
AuCu NPs 0.1 M KHCO3/H
Au nanoneedles 0.5 M KHCO3/H
Grain boundary rich Au NPs 0.5 M NaHCO3/

Zn Hexagonal Zn 0.5 M KHCO3/H
Electrodeposited Zn dendrites 0.5 M NaHCO3/

Cd CdSxSe1-x nanorods 0.1 M KHCO3/H
Sn Atomically dispersed Sn 0.1 M KHCO3/H

Ultra-small SnO/C 0.5 M KHCO3/H
7/1.8 nm Cu/SnO2 NPs 0.5 M KHCO3/H
CueSn 0.1 M KHCO3/H

Pd Size controllable Pd NPs 0.1 M KHCO3/H
In CueIn alloy 0.1 M KHCO3/H
single-atom catalyst Fe single-atom/N doped graphene 0.1 M KHCO3/H

Co single-atom 0.5 M KHCO3/H
N-doped carbon with Ni single-atoms 0.5 M KHCO3/H
Coordination unsaturated NieN on carbon 1.0 M KHCO3/H

Ni single-atom/CNT 0.5 M KHCO3/H
MOF derived Ni single-atom 0.5 M KHCO3/H

Metal free N doped graphene 0.1 M KHCO3/H
number of GBs [47,117,118]. The electrocatalytic activity also was
quantitatively correlated to the GB density for catalysts consisting
of discrete Au and Cu nanoparticles [119,120]. This GB effect was
later confirmed in a high resolution scanning electrochemical cell
microscopy (SECCM) study using flat polycrystalline Au electrodes
containing large grain sizes [121]. Fig. 16 shows the SECCM image of
CO2 and H2O reduction on Au. The increase in activity depends on
the geometry of the GBs, which determines the density of dislo-
cations in the GB region. Two mechanisms are proposed for the
increased CO2RR activity in the region with a high dislocation
density. One is that dislocations induce lattice strain at the surface
which could change the binding energies for CO2RR intermediates
and minimize the overall barrier. On the other hand, high step
densities that are more active than terraces may be generated by
dislocation surface terminations.

Although Au is the most active metal for reducing CO2 selec-
tively to CO, its scarcity and high cost limit its industrial application.
Since Ag is significantly cheaper than Au and has a high selectivity
for the reduction of CO2 to CO, in principle, this metal has a greater
potential for large scale applications. However, the CO2RR on Ag
catalysts requires high overpotentials. Most Ag-based electro-
catalysts achieve the highest FECO in the potential range of �0.6
to �0.9 V vs. RHE. To overcome these limitations, the development
of Ag-based catalysts has been focused on nanostructured surfaces
2RR in aqueous media.

Applied potential
(V vs. RHE)

FE of CO (%) Partial current
density (mA/cm2)

Reference

cell �0.70 94.5 ~18 [122]
ow cell �0.80 95.7 ~14 [132]
cell �0.40 ~90 ~0.1 [127]
cell �0.60 91 ~4.5 [123]
low cell �0.70 ~90 200 [133]
cell �0.60 >90 ~2 [124]
cell �0.85 96.8 ~1.2 [125]
cell �0.80 84 1.9 [126]
cell �0.60 90 ~5 [134]
low cell �0.80 100 350 [135]
cell �0.80 89 1.15 [136]
cell �0.38 90 ~2.7 [137]
cell �0.60 94.3 ~7 [138]
cell �0.70 ~75 ~6 [139]
cell �0.25 93 ~2 [116]
cell �0.39 ~91 ~0.5 [140]
cell �0.45 93 ~2 [141]
cell �0.40 97.6 11 [142]
cell �0.67 ~92 ~33 [143]
cell �0.77 ~80 1.4 [144]
cell �0.35 95 22 [145]
H cell �0.50 94 ~0.2 [120]
cell �0.80 ~85 ~8.5 [146]
H cell �1.1 79 ~13 [147]
cell �1.2 81 27 [148]
cell �0.60 91 ~1.8 [149]
cell �0.66 ~40 ~5 [150]
cell �0.70 93 ~11 [151]
cell �0.60 90 1 [152]
cell �0.89 91.2 ~9 [88]
cell �0.50 90 ~0.5 [153]
cell �0.60 80 ~1.6 [128]
cell �0.63 95 ~17 [112]
cell �1.0 97 48 [129]
cell �1.03 90 71.5 [113]

�0.53 ~95 ~15
cell �0.70 ~90 ~23 [130]
cell �1.0 70 ~7 [131]
cell �0.50 85 ~1 [154]



Fig. 15. (a) HR-TEM image of NGQDs-SCAu NPs. (b) CO2RR performance towards CO production of NGQDs-SCAu in comparison with SCAu. (c) Free energy diagram for the reduction
of CO2 to CO on the SCAu-plane, SCAu-edge, NC, and NC-SCAu at U ¼ 0 V. (d) Electron density difference of NC-SCAu. Red and blue denote electron accumulation and depletion
regions, respectively. Reproduced with permission [116]. Copyright 2018 American Chemical Society.
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containing more low-coordinated sites such as edge and corner
sites, which are more active for the CO2RR compared to planar
metallic surfaces [122e126]. Silver carbonate (Ag2CO3)-derived Ag
reported by Ma et al. is one of the Ag-based catalysts with the
Fig. 16. Scanning electrochemical cell microscopy of CO2 and H2O reduction on Au. (a)
Electron backscatter diffraction (EBSD) orientation map of sample used for (b) to (e).
Inset text and paths indicate the locationwhere line scans and maps were collected. (b)
Line scan generated from individual constant potential electrolysis across the GB under
1 atm Ar. (c) Line scan under 1 atm CO2. Dashed lines indicate location of GBs inferred
from optical images and topography data. (d) Electrocatalytic heat map composed of
multiple line scans across the GB under 1 atm Ar. (e) Heat map under 1 atm CO2.
Reprinted with permission [121]. Copyright 2017 The American Association for the
Advancement of Science.
lowest overpotential for the production of CO [127]. This catalyst
achieves a FECO of 90% at an applied potential of �0.4 V vs. RHE,
albeit only with a low catalytic current density (Fig. 17). The
improved CO2 reduction activity is ascribed to the increased density
of active sites and their improved intrinsic CO2 reduction activity
made available by a lowering of the activation energy barrier for the
initial electron transfer process. It is interesting to note that a low
overpotential also has been achieved on Bi subcarbonate-derived Bi
for the production of formate [87]. This may indicate that carbonate
or subcarbonate-derived catalysts have a special affinity towards
CO2 reduction intermediates.

Single-atom catalysts have attracted a great deal of interest in
electrocatalysis owing to their high catalytic activity, selectivity,
stability, and full atom utilization [99]. Single-atom catalysts have
shown unexpected catalytic activity for a range of important
chemical reactions compared to their bulk counterparts due to the
high density of low-coordinated metal atoms and the ideally uni-
form structure. In recent studies, Fe [128], Co [112] and Ni
[113,129e131] based single-atom catalysts have been explored as
CO-producing catalysts for the CO2RR. Because bulk Ni metal has a
very high affinity towards CO, it is easily poisoned. Consequently,
H2 is the dominant product on bulk Ni metal under CO2RR condi-
tions in aqueous media. In contrast, Zhao et al. [131] reported that a
metaleorganic framework (MOF) derived Ni single-atom catalyst
exhibited a very high turnover frequency of 5273 h�1 for electro-
reduction of CO2, with a FE for CO of over 71.9% at �0.9 V and a
current density of 10.48 mA cm�2 at �1.0 V vs. RHE. This high
performance was ascribed to the increased number of surface-
active sites, the lower CO adsorption energy on the single Ni sites
and enhanced electronic conductivity. Later, Yan et al. [113] pro-
posed that coordinatively unsaturated NieN sites in Ni single-atom
catalyst are more active for the CO2RR based on DFT calculated free



Fig. 17. Preparation of in situ formed Ag2CO3 derived Ag and its CO2RR performance
towards CO production performance in comparison with polycrystalline Ag. Reprinted
with permission [127]. Copyright 2018 American Chemical Society.
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energies at NieN sites with different degrees of N vacancies (Fig.
18). As shown in Fig. 18b, the free energies of *COOH (G*COOH) on
coordinatively unsaturated NiN3, NiN3V, and NiN2V2 (where V
represents a N vacancy site) are considerably lower than those on
NiN4, indicating that the high CO2RR activity originates from those
coordinatively unsaturated NieN sites. The competition between
the CO2RR and the HER at the active sites was investigated by
comparing the free energies of *COOH (G*COOH) and *H (G*H). From
Fig. 18c, it can be inferred that *H adsorption is relatively weak on
NiN3V and NiN2V2 sites. In particular, NiN2V2 shows high selectivity
for the CO2RR as G*COOH (0.62 eV) is lower than G*H (0.69 eV). This
study demonstrates how the electrocatalytic activity of single-atom
catalysts can be tuned at the atomic level and the underlying
mechanisms can be supported by theoretical calculations.

For Zn, Cd, Sn and Pd based CO-producing electrocatalysts,
relatively large overpotentials are required to achieve a reasonable
CO production rate. It is also challenging to suppress the HER on
these metals. Alloying or doping with a second metal that is less
active towards the HER and has a higher affinity to the *COOH in-
termediate could be a useful strategy to improve their performance
towards CO production. Au based catalysts have very low over-
potential for the production of CO, but their potential for industrial
applications, as noted above, is limited by its scarcity and high cost.
Future studies should try to improve the atom utilization of Au by
for example fabricating atomically dispersed Au single-atom cata-
lysts, doping a low-cost material with Au, or alloying Au with a
second metal. For Ag-based catalysts, the most urgent target is to
further reduce their overpotential for CO production. Alloying Ag
with anothermetal located on the left-hand side of the volcano plot
in Fig. 13b could potentially create a catalyst with a similar *COOH
binding energy to that of Au. The single-atom catalysts based on all
the above-mentioned CO-producing metals also could potentially
generate unique catalytic activities.

4.3. Methane and methanol producing electrocatalysts

It is widely acknowledged that *CO is a key intermediate in the
CO2 reduction to form hydrocarbons. Experiments have shown that
the CO reduction reaction (CORR) requires similar overpotentials to
generate similar products to those of the CO2RR, suggesting that the
rate-determining step of the CO2RR is associated with the CORR
[155]. On this basis, many researchers have adopted the theory of
CORR to explain the mechanism of hydrocarbon formation from
CO2RR. Methane (CH4) and methanol (CH3OH) are two highly
important C1 products that require the transfer of more than two
electrons. Several reaction pathways have been proposed to explain
the formation of CH4 and CH3OH from CO2RR or CORR [156]. A
methoxy involving mechanism has been proposed by Peterson
et al. [157], where the formation of a *CHO intermediate is the rate-
determining step. The selectivity for CH4 over CH3OH is established
in the final reduction of a methoxy species (CH3O). This mechanism
explained the selectivity for CH4 over CH3OH on the Cu(211) sur-
face. However, it does not explain the fact that CH3OH cannot be
further reduced to CH4. Later, a *C intermediate involving pathway
was proposed by Nie et al. [158], which better agrees with exper-
imental observations such as coking of the catalyst, i.e. deposition
of graphitic carbon on the catalyst surface, when methane is pro-
duced and the reduction of formaldehyde givesmethanol instead of
methane [77,159e161]. These authors also investigated the
pathway for CH4 formation on Cu(211) proposed by Peterson et al.
but concluded that it produces CH3OH instead of CH4 on Cu(111).

Cheng et al. studied the CORR mechanisms and energy barriers
on Cu(100) using quantummolecular dynamics [162]. Fig. 19 shows
the lowest energy reaction pathways for the formation of CH4 and
CH3OH on Cu(100). The first reduction step is the addition of one H
atom to the carbon of *CO to form chemisorbed formyl (*CHO),
which has a free energy barrier (DGz) of 0.55 eV. In the next step,
the protonation of *CHO to form *CHeOH has a small energy bar-
rier of 0.13 eV. The step involving the protonation of *CHeOH de-
termines the final product, either CH4 or CH3OH. If the proton is
added to C to form *CH2eOH, CH3OH is produced. Alternatively, the
addition of a proton to O will lead to the release of H2O and the
formation of *CH, which eventually leads to the formation of CH4.
This mechanism considered scenarios based on pure solvation,
specific hydrogen bonds to surface OH groups and water networks
for the cooperative transfer of protons. However, it should be noted
that the formation of CH3OH is favored over CH4 in the gas
phase thermoreduction of CO2 due to the different origins of the
proton source. The formation of CH3OH requires sufficient surface
adsorbed hydrogen, while the formation of CH4 requires protons
from the solution [162e164].

Cu-based materials are the most widely studied group of het-
erogeneous catalysts that allows room-temperature reduction of
CO2 into highly reduced products with relatively high faradaic ef-
ficiencies [158,165e167]. Methane is a common CO2RR product
obtained on Cu catalysts albeit with low faradaic efficiency in most
cases. Varela et al. demonstrated that the addition of halides to the
electrolyte can tune the activity and selectivity of copper for the
CO2RR [168]. By comparing the production rate and selectivity of
somemain products against the applied potential in the presence of
Cl�, Br�, and I�, they showed that both the concentration and na-
ture of the halide added affected the activity and selectivity of Cu
(Fig. 20). The presence of Cl� or Br� enhances CO selectivity. In
contrast, the addition of I� diminishes the selectivity for CO but
enhances that for methane for up to 6 times compared to that
without I�. The changes in the catalytic activity of Cu are mainly
ascribed to halide adsorption on the Cu surface, which was hy-
pothesized to increase the negative charge on the surface following
the order of Cl� < Br� < I�. The negative charge induced by
adsorbed I� significantly favors the protonation of CO. This work
presents an alternative way to enhance the CH4 selectivity for the
CO2RR on Cu. A better understanding of this effect could provide
some insights to the design of highly active catalysts.

Wang et al. developed a Cu-doped cerium dioxide (CeO2) elec-
trocatalyst for the selective reduction of CO2 to CH4 [169]. The
strong interaction between CeO2 and Cu leads to single-atomically
dispersed Cu species with ~3 neighboring oxygen vacancies, thus
providing a highly effective catalytic site for electroreduction of CO2



Fig. 18. DFT calculations related to (a) Optimized atomic structures of different NieN structures with Ni atoms coordinated with 4 N atoms (NiN4), 3 N atoms (NiN3 and NiN3V), 2 N
atoms (NiN2V2). (b and c) Free energy diagrams with implicit (solid lines) and explicit (dashed lines) solvation effect corrections for the CO2RR (b) and the HER (c) pathways on Ni
sites of different NieN structures at 0 V. Reprinted with permission [113]. Copyright 2018 The Royal Society of Chemistry.
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to CH4. Fig. 21 shows the electrocatalytic CO2 reduction perfor-
mances of CueCeO2, CeO2, and Cu. Compared to Cu nanoparticles
and undoped CeO2 nanorods, the CueCeO2 nanorods exhibit a
clearly reduced amount of H2 side product from the HER, and a
Fig. 19. Proposed reaction pathways for CORR, producing methane (CH4) and methanol (CH
Society.
significant increase in the CO2RR products, indicating the high ac-
tivity of CO2 reduction on the Cu-doped CeO2 electrocatalysts. For
the CueCeO2-4% nanorods, a maximum FE of ~58% for CH4 was
achieved at �1.8 V vs. RHE, which is among the highest reported
3OH) on Cu (100). Reprinted with permission [162]. Copyright 2015 American Chemical
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efficiencies for CH4 production by electrocatalytic CO2 reduction
using H-shaped electrolysis cells. The excellent CH4 selectivity was
attributed to both the atomic dispersion of the catalytically active
Cu sites, as well as the cooperative effect from the CeO2 framework.
This study features an exquisite example of rational design of
atomically dispersed metal catalytic centers.

Hydrocarbon formation typically requires a more balanced
interaction of the *CO intermediate with the catalyst surface in
conjunction with a sufficiently high residence time on the reactive
catalyst site as mechanistic prerequisites for further reductive hy-
drogenation reactions. Possession of these features explains why
Cu-based materials are the most widely studied catalysts for the
production of hydrocarbons. However, Dutta et al. [170] recently
discovered that Ag nanofoam can also effectively reduce CO2 to CH4
with a maximum FE of 51% at �1.5 V vs. RHE. The Ag nanofoam has
a hierarchical porous structure composed of needle-like Ag nano-
particles (Fig. 22a and b). This preserves the Ag characteristics at
low and moderate over potentials and switches to Cu-like behavior
only at potentials which are more negative than �1.1 V (Fig. 22c).
However, rapid degradation of the catalyst was observed during
electrolysis at �1.5 V vs. RHE with the FECH4 value dropping to 32%
within 5 h. This degradation is attributed to irreversible carbon-
ization of the Ag surface and the loss of coordinatively unsaturated
sites, which are particularly important for the stabilization of *CO
and *CHO intermediates. This work demonstrates that the tailored
design of CO2RR catalysts can transform a CO-producing catalyst,
such as Ag, into a Cu-like catalyst that is capable of producing
hydrocarbons.

Although CH3OH is a less common product in aqueous media
CO2RR, a few studies have reported high CH3OH selectivity on
specially designed catalysts [171e174]. Zhang et al. reported that
ultrathin Pd nanosheets partially capped by SnO2 nanoparticles
(Pd/SnO2) enable multi-electron reduction of CO2 to selectively
form CH3OH [171]. A TEM image of the Pd/SnO2 nanosheets is
shown in Fig. 23a. As verified by high-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) image
and energy-dispersive X-ray (EDX) mapping (Fig. 23b), SnO2
nanoparticles are well-dispersed on each Pd nanosheet. The
coverage of SnO2 on Pd/SnO2 was tuned by varying the Pd:Sn ratios
in the synthesis, which demonstrated a significant influence on
product distribution, as shown in Fig. 23c. The total FE for HCOO�
Fig. 20. Faradaic selectivity of the gaseous products formed after 10 min of bulk
electrolysis at a constant potential of �0.95 V vs. reversible hydrogen electrode (RHE).
Inset provides a scanning electron microscopy (SEM) image of the surface after reac-
tion. Adapted with permission [168]. Copyright 2016 American Chemical Society.
and CH3OH reached maximum values under all potentials investi-
gated when the Pd:Sn ratio was 1:1. The authors used X-ray ab-
sorption studies to evaluate the interface structure of Pd/SnO2 and
confirmed the presence of PdeOeSn interfaces. It was then pro-
posed that the exposed Pd adsorbs *CO intermediate, which is
further reduced at the PdeOeSn interfaces to form CH3OH.

4.4. C2þ producing electrocatalysts

As CO2 is a C1 species, the formation of C2þ products (products
with at least two carbons) for CO2RR should occur via the coupling
of two C1 intermediates. The coupling of *COwith C1 intermediates,
such as *CO, *CHO, and *CHeOH is regarded as the rate-
determining step in the formation of C2þ products. During the
formation of ethylene (C2H4), the CeC bond is formed by electron
transfer induced coupling of a *CO molecule with a CO molecule to
form a *C2O2

� intermediate [175]. DFT calculations have suggested
that the most stable formation of *C2O2

� is on (100) plane which
consists of four surface atoms in a square arrangement, confirming
the observed formation of ethylene preferably on Cu(100) [176].
Fig. 24 shows the major pathways for CO reduction to C1 and C2þ
products. Tafel slope analysis of experimental results has suggested
that one of the initial proton-electron transfer processes is the rate-
determining step for C2þ formation [57]. This is consistent with the
thermodynamic analysis which suggests the formation of all in-
termediates to be downhill in energy after the formation of OCCH*,
OCCHO*, and OCCHOH* [177]. A high surface coverage of *CO can
promote the dimerization process to form these C2 intermediates
[178]. Nevertheless, identifying the rate-determining steps for C2
pathways is challenging due to the existence of a range of
competing steps.

Experimentally, a steeper Tafel slope for C1 (43 mV/dec) vs. that
for C2þ products (116 mV/dec) and the decrease in selectivity for
C2þ products at high overpotentials have been observed [179].
These observations together with the theoretical kinetic model
suggest that the OCCOH* pathway dominates in C2þ production.
This conclusion is consistent with previous experimental reports on
C2þ product formation [180e182]. However, it should be noted that
there are still uncertainties in the decomposition analysis for these
pathways arising from the uncertainties in the energetics due to the
intrinsic sensitivity of rates to energetics.

Ethylene (C2H4) and ethanol (C2H5OH) are the two most com-
mon C2 products for CO2RR. It is useful to consider the mechanisms
for the formation of both C2H4 and C2H5OH in detail, to potentially
shed light on the development of a catalyst that promotes C2þ
production. Fig. 25 shows possible reaction pathways for the CO2RR
to C2H4 and C2H5OH; both begin with an OCCOH* intermediate as
suggested above. After three proton-coupled electron transfer
steps, a *C2H3O intermediate is formed, which may proceed to
ethanol through further protonation of carbons or to ethylene by
cleavage of the CeO bond leaving behind *O [180,183]. DFT calcu-
lations can be performed to predict the selectivity for C2H4 vs.
C2H5OH on a specific catalyst surface. A general trend is that cata-
lyst surfaces with higher oxophilicity tend to produce C2H4 pref-
erentially to C2H5OH. Nevertheless, systematic studies are needed
to rationalize the selectivity for C2H4 and C2H5OH on a catalyst
surface.

The key to designing C2þ-producing catalysts is to facilitate the
coupling of two C1 intermediates, such as *CO, *CHO, and *CHeOH,
by increasing their stability and surface coverage. The majority of
C2þ-producing catalysts are Cu-based materials [183e190], albeit a
few studies have reported the production of C2þ products onmetal-
free catalysts [191,192]. Here we will discuss a few representative
works to show howcatalyst design strategies can be applied to tune
C2þ product selectivity. Lee et al. [188] reported that mixed Cu



Fig. 21. Comparison of electrocatalytic CO2 reduction performances. (a) Cyclic voltammetry of CueCeO2, CeO2, and Cu. (bed) Faradaic efficiencies (bars, left y-axis) and current
density of highly reduced products (jdrp, red curves, right y-axis) of (b) CueCeO2-4%, (c) pure Cu, and (d) undoped CeO2 at designated applied potentials. The highly reduced
products were the first five products in the legends at the bottom, marked with a red line. Reprinted with permission [169]. Copyright 2018 American Chemical Society.
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oxidation states present in an anodized Cu (AN-Cu) electrode can
facilitate C2H4 production with the CO2RR. Fig. 26a and b show the
CO2RR product distributions obtained on Cu-foil and AN-Cu,
respectively. The Cu foil favored the production of CH4 over C2H4
at all applied potentials. In contrast, AN-Cu selectively generated
C2H4 while suppressing the formation of CH4 and CO. XPS charac-
terization of the surface of the AN-Cu before and after the CO2RR
(Fig. 26c and d) suggested that the initial Cu(OH)2 species was
partially reduced under the CO2RR conditions to form a mixture of
metallic and oxidized forms of copper, which is active for ethylene
production. It was found that C2H4 was produced favorably on
catalysts containing mixed oxidized copper species with a high
Fig. 22. SEM images of the Ag nanofoam (a, b). Plot of FE as a function of the applied poten
American Chemical Society.
oxygen content, while CH4 was produced in the absence of copper
oxides. However, Jaramillo and coworkers showed recently that
CuOx is fully converted to metallic Cu at approximately þ0.3 V vs.
RHE using in situ grazing incidence X-ray diffraction with syn-
chrotron radiation [193]. Hence, the reaction mechanism may be
different from that proposed originally.

Of the various C2þ products formed on Cu, alcohols are highly
desirable due to their high energy densities and ease of storage and
transportation as liquids [194,195]. However, ethylene is generally
the favored C2 product in the CO2RR on Cu-based catalysts. Earlier
studies demonstrated that when directly supplied with CO [117] or
when a CO-producing component is combined with Cu [196,197],
tial with an Ag nanofoam catalyst (c). Adapted with permission [170]. Copyright 2018



Fig. 23. (a) TEM image and (b) HAADF-STEM and EDX mapping images of Pd/SnO2 nanosheets. (c) Dependence of FEs for methanol, formate, and hydrogen at designated potentials
on Pd/SnO2 over Pd/Sn ratios. Reprinted with permission [171]. Copyright 2018 Wiley-VCH Verlag GmbH.
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C2þ alcohol selectivity could be enhanced significantly. Morales-
Guio et al. recently reported that a tandem Au/Cu bimetallic cata-
lyst can improve CO2 reduction activity towards C2þ alcohols [186].
The Au/Cu catalyst is composed of Au particles that are approxi-
mately 3e5 nm in diameter and uniformly distributed on the sur-
face of a Cu foil (Fig. 27a). The production rates of CO2 reduction to
Fig. 24. Reaction scheme of major pathways considered for CO reduction to C1 and C2þ produ
represents C2 production via protonation of OCCO to form OCCHO and OCCOH, respective
permission [179]. Copyright 2019 Springer Nature.
>2e� products on Cu, Au and Au/Cu are shown in Fig. 27b. At high
overpotentials, Au/Cu reaches the maximum alcohol partial current
density at a potential 90 mV less negative than that on Cu.
Remarkably, at low overpotentials, Au/Cu catalyzed CO2 reduction
to >2e� products at a rate that is more than 100 times higher than
that on Cu. The CeC coupling selectivities on copper and Au/Cu
cts. The green path denotes C2 production via OCeCHO coupling, the blue and red path
ly, the yellow path represents C2 production via OCeCHOH coupling. Reprinted with



Fig. 25. Possible reaction pathways for the electrocatalytic reduction of CO2 to ethylene (gray arrows) and ethanol (green arrows). Reprinted with permission [156]. Copyright 2015
American Chemical Society.
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have been compared by examining the ratios of C2þ to C1 products
as a function of potential. The C2þ-to-C1 ratios for both Cu and Au/
Cu increase exponentially with a decrease in overpotential,
demonstrating that CeC coupling occurs at less negative potentials
than the C1 pathways (Fig. 27c). At lower overpotentials, a clear
improvement in C2þ production rates by up to two orders of
magnitude is observed on Au/Cu compared with those on Cu, while
the C1 production rates are similar on both electrodes (Fig. 27d). A
tandem catalysis mechanism was proposed where CO2 reduction
on the Au nanoparticles generates a high local concentration of CO
on the neighboring Cu surface where CO can be further reduced.
Fig. 26. CO2RR product selectivity with (a) Cu-foil, and (b) AN-Cu catalyst at designated app
prepared AN-Cu catalyst and after 100 min of CO2RR. Reprinted with permission [188]. Cop
Insights gained from the Au/Cu catalyst open up new possibilities
for developing highly active tandem catalysts. Specifically, decou-
pling multiple steps during the CO2RR using bimetallic electrodes
to achieve high C2þ selectivity is an attractive alternative to bypass
the intrinsic limitations associated withmonometallic surfaces that
are governed by the scaling relationship.

5. Conclusions and future outlook

The electrocatalytic reduction of CO2 provides an attractive
route to achieving a carbon-neutral energy outcome by converting
lied potential. (c) Cu 2p XPS spectra. (d) Cu LMM Auger spectra obtained from the as-
yright 2018 American Chemical Society.



Fig. 27. (a) SEM images of the Au/Cu catalyst. The brighter spots correspond to approximately 3e5 nm gold nanoparticles on a polycrystalline copper surface. Scale bar is 100 nm.
Scale bar in inset is 20 nm. (b) Rate of CO2 reduction to >2e� products. (c) Potential dependence of the molar ratio of C2þ to C1 products. (d) Rate of CO2 reduction to C1 and C2þ
products on the Cu, Au and Au/Cu electrodes. Reprinted with permission [186]. Copyright 2018 Springer Nature.
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CO2 into value-added chemicals using electricity generated from
solar energy or other renewable energy sources. This review covers
the fundamental concepts and mechanistic studies on the elec-
trocatalytic CO2 reduction. The factors that influence CO2 reduction
performance are discussed, and the recent advances in the rational
design of catalysts for electrochemical CO2 reduction are summa-
rized. The following features are highlighted:

1. For the production of formate or formic acid, tin, bismuth,
palladium, and lead-based materials can reach nearly 100%
faradaic efficiency but require high overpotentials and have low
current densities;

2. For CO production, gold and silver-based materials remain the
most active and selective catalysts. Recently, single-atom cata-
lysts have been shown to have high catalytic activity, selectivity,
and stability for the electrocatalytic reduction of CO2 to CO;

3. For the production of highly reduced C1 and C2þ products,
copper-based materials provide the best catalysts. However, the
best performing system still does not meet the requirements for
industrial applications;

4. Catalyst design strategies, such as reducing the size to the
nanoscale level, exposing specific facets, quantum confinement,
doping, alloying, and defect engineering, have been developed
to modify the electronic and geometric structures of the cata-
lysts so that their performance in CO2 reduction can be
enhanced. However, so far, no design strategy has been reported
to improve the CO2 reduction performance to the level required
for industrial applications.
The efficient and selective electrocatalytic reduction of CO2 that
meets the requirements for industrial application has remained
elusive despite extensive efforts undertaken over several decades
by many research groups all over the world. A comprehensive
understanding of the CO2RR process needs further integrated
experimental and theoretical progress to make this goal a reality. In
line with this conclusion, we outline below some suggestions for
further advances in the electrocatalytic CO2 reduction research
area.

In the studies of the CO2RR, an even more comprehensive un-
derstanding of the mechanisms for the formation of highly reduced
products is still needed which considers the dependence of
different pathways on, for example, potential, pH, and gas pressure.
Tafel analysis is commonly used to study the reaction mechanisms
of electrocatalytic systems [198]. However, Tafel analysis should be
applied with great caution due to the complexity in estimating and
understanding the relevant parameters for multistep, multi-elec-
tron transfer mechanisms [199]. Indeed, the value of the Tafel slope
may not uniquely verify the mechanism, as various multistep
electrochemical reactions can have the same predicted Tafel slope
value [22,200]. Potential problems with Tafel analysis in its appli-
cation to the complex CO2RR processes need to be well understood.
For example, a minimum current range of two orders of magnitude
should be available to ensure high accuracy. Additionally, iRu drop
(Ru ¼ uncompensated resistance) and mass transport limitations
should be taken into account or avoided [22]. It is strongly rec-
ommended that numerical simulations should be carried out to
derivemeaningful insights into reactionmechanisms from the Tafel
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slope when the process is complicated bymass transport limitation
[201,202]. A detailed discussion on the application of Tafel analysis
in the CO2RR is available in Ref. [22]. Although Tafel analysis is
widely used in the literature for deriving mechanistic and kinetic
information to produce simple products like CO or formate, it is
likely to be system-specific and problematic and requires extra
mechanistic analysis. The development of advanced operando
spectroscopic techniques, such as attenuated total reflection-
infrared, surface-enhanced Raman and X-ray absorption spectros-
copy [22] and computational methods, is highly desirable to help
elucidate reaction mechanisms rather than rely on Tafel analysis. In
particular, on some catalyst surfaces that contain complex multiple
structural features, it also remains a challenge to identify the true
active sites. In this context, additional experimental studies on the
mechanisms of CO2RR are needed to provide an enhanced basis for
DFT calculations.

In terms of catalyst design, the goal is to fabricate a single
catalyst that can selectively produce the desired product with a
high production rate at a low overpotential. For the production of
CO, metallic Au catalysts have a very low overpotential. However, to
overcome limitations for industrial-scale applications caused by
the scarcity and high cost of Au, future work needs to focus on
lowering the amount of Au used and improving the atomutilization
through fabricating atomically dispersed Au, doping Au on a low-
cost substrate, or alloying Au with a second metal. The most ur-
gent target for research on Ag-based catalysts is to further reduce
the overpotential requirements of this metal for CO production.
Alloying Ag with another metal that has a higher CO affinity could
potentially create a catalyst with a similar *COOH binding energy to
that of Au. Single-atom catalysts with tailored coordination struc-
tures could potentially operate as high performance and low-cost
CO-producing catalysts.

Sn and Bi-basedmaterials are the most widely studied andmost
promising catalysts for formate production, as they are compara-
tively inexpensive and environmentally benign. However, the
overpotential required to achieve high selectivity for the formation
of formate needs to be decreased for both metals. Alloying or
doping traditional formate-producing metals with a second metal
that is less active towards HER and more affinity to stabilize the
*OCHO intermediate could be a useful strategy to improve the
catalytic performance towards formate production.

For the production of >2e� hydrocarbons or oxygenates, more
balanced interaction of the *CO intermediate with the catalyst
surface in conjunction with a sufficiently high residence time on
the reactive catalyst sites are mechanistic prerequisites for
further hydrogenation to form *CHO, which is one of the rate-
determining steps for the formation of highly reduced prod-
ucts. Catalyst surfaces that can stabilize *CHO intermediate are
favorable. For this reason, the catalyst design must break the
scaling relationship between the *CO and *CHO intermediates.
On this basis, a high local CO concentration on the catalyst
surface is desirable for the formation of C2þ products by facili-
tating CeC coupling. Decoupling multiple steps during CO2
reduction using bimetallic catalysts is a promising strategy to
bypass design limitations intrinsic to monometallic surfaces.
Alloying or doping Cu with a second CO-producing metal could
result in strong interfacial coupling, thus enhance the selectivity
for C2þ products. Additionally, the presence of specific O-
adsorbing or H-adsorbing sites next to Cu could be beneficial for
the production of highly reduced products. Single-atom catalysts
with tailored coordination structures should also be evaluated
for the production of highly reduced products. Perhaps more
interestingly, quasi-single-atom catalysts, such as binary atom
pairs or ternary atom groups, are a type of material rarely
studied to date which could provide precise controllability of
CO2RR catalytic behavior at the atomic level.

The focus of this review is the design of catalysts. However, since
the CO2RR occurs at the electrolyte/electrode interface, catalyst
design and optimization need to take into consideration the key
factors such as electrolyte and cell configuration. Aqueous elec-
trolyte media used for the CO2RR studies discussed above are ad-
vantageous due to their low cost and environmental benignness.
However, organic solvent/electrolyte media have the advantages of
higher CO2 solubility and tunable proton availability. To date,
mainly simple reduction products, such as oxalate, formate or CO,
have been obtained in organic media. Therefore, profitable future
research directions could involve the use of organic media to pro-
duce highly reduced and more valuable products. Ionic liquids (ILs)
also have been used as the electrolyte/media for the CO2RR. They
are advantageous in that they have high CO2 solubility [203e205],
function as both the solvent and electrolyte, and can lower the
overpotential and enhance the product selectivity [206,207].
However, most of the ILs are too expensive for large scale appli-
cations and the separation of liquid products from ILs is an issue,
although the application of a reasonably cheap and distillable IL
dimethylammonium dimethylcarbamate has been reported [205].
Prospects for future advances in this area may emerge as the price
of ILs becomes lower with large scale applications and if facile
separation methods for liquid products are developed. To date,
most CO2RR studies have employed an H-type two-compartment
electrolysis cell to evaluate catalytic performance. A maximum
CO2 reduction current density that can be achievedwith this type of
cell configuration is far below the requirements of commercial
applications (>200 mA/cm2) [208,209]. A gas diffusion electrode
with a much-enhanced mass transport rate in a flow cell setup is
therefore preferred for industrial scale-up of the CO2RR process
[210]. Readers who wish to know more details related to this
technology which is likely to feature in future commercial de-
velopments are encouraged to read this reference [210]. Further-
more, it is noted that the electrocatalyst, electrolyte, and cell
configuration should not be considered in isolation since they can
influence each other in either positive or negative manners. For
example, recently, Agapie and coauthors showed that careful
choice of an organic additive (N,N0-ethylene-phenanthrolinium
dibromide) in an aqueous bicarbonate electrolyte solution can both
generate nanostructures on the surface of a polycrystalline Cu
electrode and form an organic layer on these nanostructures. This
stabilizes the nanostructure under catalytic turn over conditions
and promotes the formation of C2þ products while suppressing the
HER and CH4 formation [211].

Despite the vast amount of research invested in the electro-
catalytic reduction of CO2, it is disappointing that no catalyst is
yet viable for industrial applications. Nonetheless, this important
global challenge and need will hopefully inspire researchers
around the world to become even more creative and more
daring in seeking new catalysts for the CO2RR. Substantial ad-
vances have been achieved for the past several decades in the
experimental and theoretical aspects of the CO2RR process.
Optimistically, with the transformation from essentially empir-
ical discovery of new catalysts to a rational design supported by
theory, the development of highly selective, stable, and active
CO2RR catalysts that meet the requirements for industrial
application will ultimately be achieved.
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