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How to effectively and efficiently reduce carbon dioxide (CO,) to value-added chemicals represent a fron-
tier in catalysis research. Due to the high activation energy needs and the endothermic nature of CO,
reduction, the reactions are difficult to carry out. When H,O is present, hydrogen evolution reactions
(HER) often compete favorably with CO, reduction reactions. For these reactions, catalysts are of critical
importance to CO, reduction. In this article, we review the various metal nanocatalysts for electrochem-
ical CO, reduction (ECR) reactions. In recognition of the importance of H,O to CO, reduction, we focus our
discussions on systems in aqueous solutions. Nanostructured metal catalysts are chosen for the discus-
sions because they represent the most effective catalysts for ECR. After a brief introduction of the funda-
mental principles of ECR, we devote the rest of the article on the discussions of various types of
nanostructured metallic catalysts, which are categorized by their compositions and working mecha-
nisms. Lastly, strategies for improving reaction efficiency and selectivity are discussed.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction
1.1. Background of the electrochemical CO, reduction

Carbon dioxide (CO,) is the most stable end products of fossil
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been regarded as an indication of excessive energy consumption by
human activities. The high concentration of CO, in our atmosphere
is widely agreed as man-made and is a source of recent climate
changes [1]. As a way to mitigate the negative impacts by the high
concentration of this molecule, the research society has been
working hard to convert CO, into useful chemicals, particularly lig-
uid fuels [2,3]. On a fundamental level, direct chemical utilization
of CO, is also interesting because CO, represents a low-cost source
of C for chemical synthesis. But this conversion is extremely diffi-
cult to control due to the rich oxidation states of C in various prod-
ucts, as well as the high activation energies between these
products [4-7]. Of the approaches that have been studied, electro-
chemical CO, reduction (ECR) to fuels and value-added chemicals
in aqueous solutions is especially appealing since it offers a
versatile route toward a wide range of chemicals that can readily
meet the thermodynamic energy needs by electricity, which
could in principle be supplied by renewable sources such as solar
or wind [8].

Exciting progresses notwithstanding, critical issues remain for
ECR to become a practicable approach. The main challenges for
ECR in aqueous solutions include the high overpotentials, poor cat-
alyst stability, low product selectivity and low faradaic efficiencies
(FE) [9]. Moreover, and often more critically, the competing reac-
tions of hydrogen evolution (HER) tend to be kinetically favored
due to the relative simplicity of the reactions in comparison with
ECR [10]. For these reasons, the goal of selective CO, reduction in
H,O at high efficiencies with low hydrogen evolution and good
control over the products has attracted tremendous research
efforts. Previous research in this area has mainly focused on metal
catalysts that are bulk in sizes and morphologies [11]. Recently,
nanoscale metal catalysts have emerged as new material platforms
for this important reaction due to their unique properties [8,12].
Our purpose of composing this Article is to review research activi-
ties in this area, with a focus on nanoscale metal catalysts. We aim
to summarize research efforts for new insights into how to move
forward in this important research area. The article is organized
as follows. We first discuss the basic principles of electrochemical
CO, reduction reactions and then various types of nanostructured
metallic catalysts based on primary products and reaction selectiv-
ity are discussed. In addition, common strategies for improving
reaction efficiency and selectivity are summarized.

1.2. Basics of electrochemical CO, reduction

For the ease of discussions and to provide a basis for our read-
ers, we first define the commonly used terminologies in the
literature.

1.2.1. Onset potential

The onset potential is defined as the applied voltage, at which
appreciable current densities can be measured. It is important to
note that the measured current densities are thought to produce
desired products (such as CO or hydrocarbons). During the reac-
tion, the standard reduction potential is often more positive than
the onset potential since the electrochemical CO, reduction must
overcome a kinetic barrier [13]. Within this context, overpotential
is defined as the difference between the standard reduction poten-
tial and the onset potential. At what current density should the
onset potential be measured, however, is an important point of
contentions. In principle, the current density should be determined
by measuring the intrinsic exchange current densities; in practice,
the exchange current density measurements can be cumbersome.
Often, the chosen current density is not based on a meaningful
theoretical basis but serves as a reference point for easy
comparisons of experimental results by different groups under
similar conditions.

1.2.2. Fradaic efficiency

The Fradaic efficiency (FE) refers to the percentage of charges
(i.e. electrons as we are mostly concerned with reduction reac-
tions) used to produce desired products over the overall charges
measured. The FE represents the selectivity of the desired products
in a reaction, and the FE can be calculated using Eq. (1).

onF

EFE Q (1)

where o is the number of transferred electros, n is the number
of mole of a desired product, F represents Faraday’s constant
(96,485 C mol™'), and Q referrers to the total charge passed [14].

1.2.3. Tafel slope

The Tafel plot referrers to a plot of overpotential versus the log-
arithm of the current density. The basis for Tafel analysis is the
exponential dependence of the current densities on the applied
potentials as described by the Butler-Volmer relationship. The
analysis is useful for investigating the mechanisms of the reaction
and for evaluating the performance of catalysts. For example, a Tafel
slope of ~118 mV dec™! is often used to suggest that the formation
of the CO3 intermediate by the initial one-electron transfer step is
the rate-determining step, while a slope of ~59 mV dec™' implies
a fast one-electron pre-equilibrium and then a slower chemical
reaction as the rate-determining step in the case of ECR [13].

1.2.4. Electrochemical cells

A variety of experimental configurations have been used in the
literature for ECR research. For the ease of discussions, we choose
one representative lab-scale H-type cell here. The common
H-type electrochemical cell in the ECR consists of two compart-
ments, three electrodes, and gas in/out valves. The two chambers
are separated by an ion-exchange (commonly proton-exchange)
membrane to prevent products cross-over, which would otherwise
compromise the desired reactions. Parameters such as CO, pres-
sure, reaction temperatures, pH, and the details of the electrolyte
chemical composition are all important in defining the electro-
chemical behaviors of the cell.

1.2.5. Reaction pathways

CO, can be converted into a number of products via different
electron transfer pathways. Several common transformations by
ECR are summarized in Table 1, where the thermodynamic poten-
tials (E°) associated with the transformations are listed. From these
thermodynamic potentials, we can immediately see why ECR is
difficult to control - different transformations often feature ther-
modynamic potentials that are very close. Another important point
to make about Table 1 is that although the reduction reactions can

Table 1
Thermodynamic potentials (E°) for electrochemical CO, reduction reaction [15].
Electrode Reaction Number of  E° (V) vs.
electron RHE
transfer
Cathode CO, +2H" +2e~ — CO + H,0 2 -0.106
CO, +2H" +2e~ — HCOOH 2 -0.250
CO, +4H" +4e~ — HCOH + H,0 4 —0.070
CO, + 6H* + 6e~ — CH30H + H,0 6 0.016
CO, +8H" +8e~ — CH4 + 2H,0 8 0.169
2C0, + 12H" + 12e~ — C,H4 + 4H,0 12 0.064
2C0, +12H" +12e” - CoHsOH +3H,0 12 0.084
2H" +2e” - H, 2 0.000
CO,+e” — COy 1 -1.49
Anode 2H,0 — 4e” — 0, +4H" 4 1.230

All potentials are referenced against the reversible hydrogen electrode (RHE).
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be diverse, we have limited choices in terms of anode reactions. For
large scale reactions, H,0 is our only choice as an electron donor.
This is also why natural photosynthesis starts with light reactions
that split H,O.

1.3. Advantages of nanoscale catalysts in electrochemical CO,
reduction

In comparison to bulk catalysts, nanostructured materials fea-
ture distinct advantages [14]. For instance, the much smaller sizes
translate to high surface areas, which means nanoscale catalysts
are of much more active sites per mass or volume [10]. In addition,
advancements in nanomaterial synthesis in recent decades have
made it possible to controllably expose preferential facets with
high density of active sites for improved activity and selectivity
as far as catalysis is concerned [16]. Moreover, nanostructured
catalysts often exhibit better tolerance to heteroatom impurities
that would be highly detrimental in bulk catalysts [17]. Taken as
a whole, nanostructured catalysts present new and exciting oppor-
tunities for a wide range of chemical transformations, including
CO, reduction. Next, we expand on the discussions in connection
to ECR.

2. Metallic catalysts for CO, reduction

The ECR on bulk metal electrodes was studied for decades, and
some of the activities have been discussed by a seminal review by
Hori [11]. More recent efforts have been primarily focused on
nanostructured metallic catalysts for their enhanced catalytic per-
formance towards the ECR [14]. Based on the primary products and
binding energy of various intermediates, metal catalysts may be
further classified into several subgroups (Fig. 1) [8,11]. The first
group includes examples that preferably promote the formation
of CO, such as Au, Ag, and Zn. These metals bind CO; intermediate
but do not further reduce CO. As a result, they normally produce
CO as the primary product. The second group includes catalysts
that preferably form formate, such as Sn, Pb and In. Metals in this
group bind poorly with the CO; intermediate. Instead, they pro-
mote the formation of formate or formic acid. Copper (Cu) is the
only commonly studied metal in group 3 that not only binds with
the CO; intermediate, but further reduces CO to produce a variety
of hydrocarbon products, including multicarbon ones (C,) [2,13].
These catalysts are summarized based on their elemental composi-
tions below.

H
_C., H0O :
070~ gCrp OH = »

C02 +e

H* O _OH H++e

—hi——-h

97
2.1. Gold catalysts

Gold (Au) catalysts has been recognized for their good catalytic
performance for CO, reduction to carbon monoxide (CO) with good
selectivity over HER. The ECR on a number of nanostructured Au,
including nanoclusters [ 18], nanoparticles (NPs) [19-23] and nano-
wires (NWSs) [24] has been investigated experimentally and compu-
tationally. As a prototypical example, Zhu et al. demonstrated
excellent selective catalytic performance of CO, to CO on ultrathin
Au NWs in aqueous solutions [24]. The optimal 500 nm Au NWs
present a high FEco of 94% with high current densities at —0.35 V
(vs. RHE) (Fig. 2). In an effort to improve the catalytic activity of
Au NPs with high grain boundaries densities, Feng et al. showed
that specific activity for ECR is linearly correlated with grain bound-
aries surface density on Au NPs on carbon nanotubes (Fig. 2) [23].

2.2. Silver catalysts

Due to the high cost of Au, large-scale usage of Au catalysts in
the ECR poses a significant challenge. As such, a great deal of atten-
tion has been attracted to find alternatives to Au. Among those
studied, Ag-based catalysts stand out. Excellent ECR performance
has been demonstrated on a number of nanostructured Ag elec-
trodes, including NPs [25,26], nanocoral [27], NWs [28], and nano-
plates [29]. For example, Kim et al. reported that immobilized Ag
NPs on carbon support exhibit high FE with low overpotentials
for the ECR to CO [25]. The optimal 5 nm sized Ag NPs on carbon
support show a high FEco of 80% with high current density at
—0.75V (vs. RHE) (Fig. 3). Different from Ag NPs, Liu et al. pre-
sented that 5-fold twinned Ag NWs with diameters less than 25
nm feature enhanced current densities and increased FEs. The
authors achieved a maximum FE of 99.3% (Fig. 3) [28].

2.3. Tin catalysts

As far as cost is concerned, Sn-based catalysts take it one step
further and promise for large-scale utilizations. Efficient ECR per-
formance has been reported on nanostructured Sn catalysts [30-
32]. For example, Sheng et al. reported selective ECR to formate
by using SnO, NPs as electrocatalysts [31]. In aqueous solutions,
a high FE for formate of 93% at —1.8 V (vs. saturated calomel elec-
trode (SCE)) with high current density was achieved on 5 nm sized
Sn catalysts (Fig. 4). The importance of SnO, to the efficiency of ECR
on Sn was investigated by Chen et al. The results indicate that
metal/metal oxide composited materials are indeed promising cat-
alysts for ECR (Fig. 4) [30].

Group 2:5Sn, Pb, In

CO Group 1: Au, Ag, Zn

|

OH+
—>C—>

GHy, CoMi; ==

Group 3: Cu

Fig. 1. Reaction mechanisms of ECR on metal catalysts surfaces in aqueous solutions.
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Fig. 2. (a) Potential-dependent FEs of Au NWs on ECR to CO. (b) Potential-dependent current densities (mass activities) on Au NWs. Reproduced with permission from Ref.
[24]. Copyright 2014, American Chemical Society. (c) Potential-dependent FEs for CO production. (d) Potential-dependent specific current density for CO production.
Reproduced with permission from Ref. [23]. Copyright 2015, American Chemical Society.

(\TE 100
0- —_
S (a) g o ()
£ 2] ; i v 2A3K a \O\
~ o A X/
-4 C 60 A \ A o
= 2 F R 5N\ N
& 6- —o— Carbon black O o 06
o) —{O— Cysteamine-C ﬁ 40 p4 A,;j / \
Qo gl ~0—3nmAg/C v ° /° o 2
= ~0—5nm Ag/C S 20|47 o Vv . °
O 104 —4—10 nm Ag/C R o’ v %o
’:5' v —— Ag foil © 8
-124— : . . : : G 0, Senvsiesees
8 -12 -10 -08 -06 -04 -0.2 L -14 12 10 -08 -06 -04 -02
O Potential (V, E vs RHE) Potential (V, E vs RHE)
0 @-- D-25 Ag NW.
—~ - D-25 Ag NWs
"= -1f (C) | (d) ,/é """ ~@- D-100 Ag NWs
g - - ; Q  |-9-cB
Y s R N | @~ GCE
E -2 \?80 39 § § @- Ag NPs
;_3 L Sl o T\
7 4 e D-25 Ag NWs 5 NN\
3 e D-100 Ag NWs Sa0| @ L} Y ‘=.§
= -5} e Ag NPs & .
e s GCE 204 ’,,o ' N ° . :
£ 6| ; g 23
s s CB 9 e.. i
= o “».»2“‘;—; N 9,

_7 1 1 N N N 0 A
-1.2 -1.0 -0.8 -0.6 -04 -0.2 0.0 -1.2 -1.0 -'0.8 -0. -0.4 -0.2
Potential (V vs. RHE) Potential (V vs. RHE)
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2.4. Copper catalysts

As noted above, Cu-based catalysts are special for the reduction
of CO, because they represent the only class of electrocatalysts that

can convert CO, to C,-C3 hydrocarbons, whereas most other cata-
lysts are only capable of producing C; products. For this reason,

research on Cu-based ECR is especially important, and a large body
of literatures has been published on this topic [33-37]. As one
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example, Kim et al. investigated Cu NPs ensembles towards ECR to
hydrocarbons. Among the Cu catalysts studied, optimal Cu NPs
ensemble was shown to convert CO, to hydrocarbons with a 50%
C,-C5 FE at only —0.75 V (vs. RHE; Fig. 5) [38]. For another example,
Reske et al. studied 2-15 nm sized Cu NPs for ECR. Catalytic activ-
ity and selectivity for H, and CO was increased, while hydrocarbon
selectivity was suppressed with the deceasing Cu NPs size (Fig. 5)
[36].

2.5. Other metal catalysts

In addition to the aforementioned examples, metal catalysts
based on Zn [39,40], Pb [41], and Pd [42] have been studied. For
instance, Rosen et al. reported electrodeposited Zn dendrites cata-
lysts with enhanced catalytic performance for ECR over that of bulk
Zn (Fig. 6). More specifically, the catalysts activity for Zn dendrites
was an order of magnitude better, and a ~3 times FE¢g over bulk Zn
was measured [39]. For another example, Zhang et al. reported a
low-cost Zn electrode composed of multilayered Zn nanosheets
(NSs). The Zn NSs showed a high FEco of ~86% at —1.13V (vs.
RHE), which is much higher than bulk Zn foil (Fig. 7). By density
functional theory (DFT) calculations, the authors suggested that
the high activity and selectivity of Zn NSs for the ECR is owing to
their high density of edge sites [40)].

3. Strategies for improving efficiency and selectivity

The factors important to the electrocatalytic activities of nanos-
tructured catalysts include the sizes, exposed facets, compositions
and morphologies of the catalysts. Below, we examine how these
factors can be tuned for improved performance of ECR by these
catalysts.

3.1. Size effects

With the development of nanosynthesis, metal NPs with differ-
ent sizes can be readily produced. To the first order approximation,
the size of NPs determines the ratio of atoms at different sites of a
crystallite, including the corner, the edge and the surfaces. These
different sites are expected to feature different coordination num-
bers and surface energies, which are critical factors to define the
catalytic activities. Indeed, metal NPs of different sizes have been
shown to exhibit different catalytic performance in ECR
[20,22,25,43]. For example, Zhu et al. investigated the ECR
performance on monodisperse 4, 6, 8, and 10 nm Au NPs. Among
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Fig. 7. Potential-dependent FEco (a) and current densities (b) of Zn foil, reduced
disordered (RD) ZnO, and multilayered Zn NSs on ECR. Reproduced with permission
from Ref. [40]. Copyright 2018, Elsevier.

them, 8 nm Au NPs exhibited the highest FEco of 90% at —0.67 V
(vs. RHE; Fig. 8). By DFT calculations, the authors claimed that 8
nm Au NPs hold an optimum edge sites ratio for the highly selec-
tive CO formation, since the edge sites favor CO, reduction to CO
while corner sites are active for HER [20].

Similarly, Gao et al. studied the ECR performance of Pd NPs with
different sizes. The FEco and current density varied with the sizes.
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Based on their DFT calculations, the adsorption of CO, and forma-
tion of COOH’ intermediate are easier on the edge and corner sites
than on the terrace sites, whereas the competitive HER is compara-
ble on all three sites (Fig. 9) [43]. The performance of Pd nanocat-
alysts can be tuned by varying their size due to the changing ratios
of corner, edge and terrace sites.

3.2. Facet control

The correlation between the catalysts performance for ECR and
the crystal orientation of the catalysts has been observed on differ-
ent metals [26,34,44]. For instance, Lee et al. investigated concave
rhombic dodecahedral Au nanocatalyst with various high-index
facets for ECR (Fig. 10). Their results indicated that the concave
rhombic dodecahedral Au nanocatalyst with high density of
high-index facets possesses enhanced catalytic activity when com-
pared with low-index Au NPs [44]. For another example, Klinkova
et al. performed DFT simulations on Pd catalysts with different
dominant facets for ECR. Their results indicate that there is a cor-
relation between the catalytic performance and the coordination
environment at the atomic level. They found that Pd nanocrystals
with high-index facets are more resilient to CO poisoning and favor
formic acid formation. Their experimental data supported the com-
putational results (Fig. 10) [45]. The findings generated new
insights into how to improve catalysts selectivity and activity by
altering the facets of nanocatalysts.

3.3. Morphology effects

The correlation between the ECR performance and the morphol-
ogy of catalysts has been discovered on different nanostructured
metallic catalysts [24,46,47]. To this end, Hall et al. demonstrated
that the diffusional limitations within the pores of the mesostruc-
tured electrode is the origin of hydrogen suppression in Au inverse

opal films (Fig. 11). The optimal mesostructured electrode gener-
ates a 75% FE for CO production at —0.40V (vs. RHE) [47]. Ma
et al. investigated the effect of Cu NW morphology on the perfor-
mance of ECR in aqueous solutions. By altering the length and den-
sity of Cu NWs, they were able to control hydrocarbon formation
on Cu NWs arrays at a fixed potential (Fig. 11). They ascribed the
effect to how the local pH was dependent on the Cu NW morphol-
ogy. They further proposed that enhanced C, products formation
on increased Cu NWs length was due to enhanced CO dimerization
at higher local pH [46].

3.4. Surface modifications

A peculiar treatment that first oxidizes and then reduces metals
(such as Au [19], Ag [48] and Cu [33]) has been shown to improve
the performance of metallic electrodes in ECR dramatically. This
method is thought to change the surface atomic arrangements
and, thus, create more active sites to enhance the ECR perfor-
mance. For example, Chen et al. demonstrated that oxide-derived
Au NPs by reduction of Au oxide film exhibited high selectivity of
ECR to CO with low overpotentials and long catalyst lifetimes over
polycrystalline Au (Fig. 12). They suggested that the enhanced cat-
alytic performance was due to increased stabilization of CO; inter-
mediate on the surface of oxide-derived Au, which was supported
by electrokinetic studies [19]. Similarly, Ma et al. presented that
the nanostructured Ag resulting from Ag oxide was able to electro-
chemically reduce CO, to CO with ~80% FE at a moderate overpo-
tential of 0.49 V (Fig. 12) [48].

3.5. Composition control
Another class of metallic nanocatalysts that have been studied

widely for ECR was nanoparticles with multiple elements
[49-52]. For instance, Ma et al. investigated a series of bimetallic
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Cu-Pd catalysts with different elemental ratios and atomic
arrangements. They pointed out that the selectivity in ECR
products could be tuned by varying the composition of bimetallic
Cu-Pd catalysts. The tunability of the catalysts selectivity was
attributed to the geometric effects based on their subsequent
studies (Fig. 13) [53]. In another example, Kim et al. found that
the selectivity in ECR products could be controlled by tuning the
composition of Au-Cu bimetallic NPs, as dictated by the electronic
effect and the geometric effect (Fig. 13) [52].

4. Summary and perspectives

Due to the severity of the problems caused by the rapid increase
of CO, concentrations in our atmosphere, research on ECR is one of

the most vibrant in recent years. It has attracted researchers with
different backgrounds, ranging from chemistry and materials
science to physics and engineering. Great progress has been made;
significant challenges remain. Our goal of compiling this Article is
provide a focused discussion on nanostructured metallic catalysts
for ECR in aqueous solutions. Within this context, various types
of metallic nanocatalysts based on their different selectivity for
products are reviewed. Several important factors including sizes,
exposed facets, compositions and morphologies of the catalysts
that can be tuned to improve activity and selectivity of nanocata-
lysts for ECR are discussed.

A representative trend of research on ECR has been on how to
prepare nanostructured catalysts with high activity and selectivity.
In the meanwhile, significant efforts have been devoted to gaining
a deeper understanding of the mechanisms, especially at the
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Reproduced with permission from Ref. [52]. Copyright 2014, Springer Nature.

molecular level. To this end, the development of computational
chemistry has played a tremendous role. It has made studies of
the reaction mechanisms at the atomic and molecular level acces-
sible by methods such as DFT calculations. Moving forward, it will
be of critical importance to verify the various hypotheses
supported by computational calculations using advanced charac-
terization tools, particularly in situ and in operando ones. Informa-
tion of the catalysts and the reactions intermediates under normal
conditions will be critically important to advancing our knowledge.

Most of the efforts in finding better catalysts and understanding
the reaction mechanisms are guided to enable practical CO, reduc-
tion applications. For this purpose, we must bear in mind several

important criteria. For instance, the catalysts are expected to fea-
ture high activity as measured by small overpotentials, which is
necessary for high energy efficiency. In the meanwhile, high selec-
tivity is of paramount importance. That is, we desire high faradic
efficiency for desired products. This is especially true for the syn-
thesis of high-value chemicals. For large scale implementations,
the catalysts will likely be composed of earth-abundant elements.
Lastly, we note that the durability of the catalyst is also highly
important. Given that most large scale electrochemical implemen-
tations are carried out in either highly acidic or basic electrolytes to
minimize polarization in the electrolyte, it is critical to consider
how to maintain the stability of the catalyst. The last point could
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prove particularly challenging for nanoscale catalysts as surface
reconstruction and reorganization at such a length scale is well
known. Despite these challenges, we are at an exciting time in
doing research in this area thanks to the concerted efforts by a
large research community.
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