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Recent advances in the nanoengineering of
electrocatalysts for CO, reduction

Fengwang Li, ® Douglas R. MacFarlane ©* and Jie Zhang (DK

Emissions of CO, from fossil fuel combustion and industrial processes have been regarded as the domi-
nant cause of global warming. Electrochemical CO, reduction (ECR), ideally in aqueous media, could
potentially solve this problem by the storage of energy from renewable sources in the form of chemical
energy in fuels or value-added chemicals in a sustainable manner. However, because of the sluggish
reaction kinetics of the ECR, efficient, selective, and durable electrocatalysts are required to increase the
rate this reaction. Despite considerable progress in using bulk metallic electrodes for catalyzing the ECR,
greater efforts are still needed to tackle this grand challenge. In this Review, we highlight recent
progress in using nanoengineering strategies to promote the electrocatalysts for the ECR. Through these
approaches, considerable improvements in catalytic performance have been achieved. An outlook of

rsc.li/nanoscale

1. Introduction

Carbon dioxide (CO,) is an important trace gas in the Earth’s
atmosphere. As a major greenhouse gas, it plays a vital role in
regulating the Earth’s surface temperature through the so-
called greenhouse effect." In the long term, the carbon cycle,
in which carbon is exchanged between the atmosphere,
oceans, lands and the biosphere, maintains a balance to keep
the Earth’s temperature relatively stable, similarly to a thermo-
stat. However, since the start of the Industrial Revolution, the
global mean CO, concentration has increased by ~45%, from
280 parts per million (ppm) in the mid-18th century’ to
406 ppm, as measured at the Mauna Loa Observatory (MLO) in
Hawaii in February 2017. Another appalling truth is that the
rate of CO, growth over the last decade is 100-200 times faster
than what the Earth experienced during the transition from
the last Ice Age.” This increase of CO, and other greenhouse
gases (e.g,, methane) in the Earth’s atmosphere has been
causing a series of problems, including global warming, deser-
tification, and ocean acidification.

This increase of CO, is mainly due to anthropogenic activi-
ties. Fossil fuels such as coal, petroleum and natural gas are
being mined and consumed by human beings at an unpre-
cedented scale and speed to satisfy the energy demand of the
rapidly growing world population and economy. The global
energy demand reached 18 TW in 2013 and ~81% of this came
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future developments in applying and optimizing these strategies is also proposed.

from fossil resources, according to the International Energy
Agency.” The demand is projected to further increase to 24 or
26 TW in 2040 with a corresponding rise in CO, emissions
from 32 Gt per year in 2013 to 37 or 44 Gt per year in 2040."
This not only results in huge amounts of anthropogenic CO,
emissions, but also raises concerns about energy supply due to
the non-renewable nature of fossil fuels. Thus, our reliance on
fossil fuels must be reduced by developing alternative, renew-
able energy sources such as solar and wind power.

The past decade has seen a rapid growth of renewable
energy, but the percentage of these renewable power sources is
still very low in the overall energy consumption. Moreover,
most of them are intermittent and geography- or weather-
dependent.” Unlike traditional power sources with a steady
power output, power generation from renewable sources varies
significantly over time and often fails to match the energy
demand, posing serious threats to the electrical power grid. As
a result, additional energy conversion and storage techniques,
such as rechargeable lithium batteries, supercapacitors and
flow batteries, are required, which, however, are difficult to
realize on a grid scale considering their low energy densities
and high costs.®”® An appealing alternative is the conversion of
CO, to fuels or value-added chemicals, such as carbon monox-
ide (CO), formic acid, methanol and methane, using renewable
electricity as a power source.”'® This strategy holds the poten-
tial to address the aforementioned global environment and
energy challenges by the storage of energy from renewable
sources in the form of chemical bonds in a sustainable
manner."

Such an electrochemical CO, reduction (ECR) reaction is a
multiple proton- and electron-transfer reaction that can take
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place via two-, four-, six- or eight-electron transfer processes."?
The half-reactions of ECR and the associated standard elec-
trode potentials, E° (V vs. the standard hydrogen electrode
(SHE)), are summarized in Table 1. As the nature of carbon-
containing substrates in aqueous solution varies according to
PH, there will be a pH-dependence of equilibrium potential of
the respective reactions.

However, the standard potentials shown in Table 1 only
indicate the thermodynamic tendency of each reaction and do
not indicate the role of kinetics. In fact, ECR does not take
place easily, and the actual potentials to drive the reaction are
much more negative than the standard electrode potentials
(i.e., large overpotentials). The reason for this is that the for-
mation of the intermediate species CO, ™ by transferring one
electron to a CO, molecule only proceeds as the first step at a
highly negative potential, such as —1.97 V vs. SHE in dimethyl
formamide (DMF) and —1.90 V vs. SHE in water."*'® The other
complicating factor is that the competing proton reduction, or
hydrogen evolution reaction (HER), is prevalent in aqueous
media, occurring with relatively facile kinetics at 0 V vs. SHE,
which is comparable to the potentials required for ECRs.
Additionally, the thermodynamic reduction potentials for
several products of the ECRs are very similar, making it par-
ticularly challenging to generate the desired product(s) with
high selectivity (i.e., high faradaic efficiency (FE)). Therefore,
the development of appropriate catalysts is the primary chal-
lenge in the field of the ECR to lower the kinetic energy bar-
riers and steer the selectivity.

Generally, the catalysts for the ECR can be classified into
two categories: homogeneous and heterogeneous catalysts.
Intensive investigations have focused on the development of
molecular complexes with active metal centers and their
usage as electrocatalysts homogeneously dispersed in a sup-
porting electrolyte solution. The specific interest in homo-
geneous catalysts arises from the precise control over the
individual catalytic centers afforded by modern synthetic
chemistry and therefore the opportunity to study the chemi-
cal and structural influences on catalysis. Readers are
suggested to refer to several excellent reviews published in
recent years for more information.'”" In this Review, we will
focus on the recent development of heterogeneous catalysts
for the ECR.

Table 1 Selected standard electrode potentials for the ECRs (V vs. SHE)
at 1.0 atm and 25 °C*?

Standard electrode

Half-reactions potentials (V vs. SHE)
CO,(g) + 4H" + 4e™ = C(s) + 2H,0(1) 0.210
CO,(g) + 2H" + 2¢” = HCOOH(1) -0.250
CO,(g) + 2H" + 2¢™ = CO(g) + H,0(1) -0.106
CO,(g) + 4H" + 4e” = CH,0(1) + H,O(1) —0.070
CO,(g) + 6H" + 6e” = CH;0H(1) + H,O(1) 0.016
CO,(g) + 8H' + 8¢~ = CH,(g) + 2H,0(1) 0.169
2C0,(g) + 2H" + 2e~ = H,C,0,(1) —0.500

2C0,(g) + 12H' + 12¢~ = CH,CH,(g) + 4H,0(I) 0.064
2C0,(g) + 14H" + 14e” = CH;CH,(g) + 4H,0(I) 0.084
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Although several excellent reviews on this topic have been
published,?**° most of them are comprehensive summaries of
catalysts based on the categories of the materials used or pro-
ducts generated, whereas reports on the optimization strat-
egies to tune the materials for the active and selective gene-
ration of a specific product are rare.>' Recent developments in
electrocatalytic applications, such as water splitting, oxygen
reduction reaction (ORR), and alcohol oxidation reactions,**™®
have shown that the catalytic performance of a catalyst is deter-
mined by not only the identity of the material but also the
optimization strategy applied to tune the material’s morpho-
logical and electronic structures and surrounding environment
on a nanoscale. Therefore, a timely review on the nanoengi-
neering strategies for the optimization of ECR performance is
highly desirable, which would also guide the future design of
advanced catalysts for the further improvement of their per-
formance for ECR.

This Review starts with a brief summary of the bulk metallic
catalysts for the ECR investigated in earlier studies in tandem
with the generally recognized mechanism in the ECR. With this
background, nanoengineering strategies are then introduced,
and different strategies are categorized and reviewed, which is
the core purpose of this Review. The motivation for the develop-
ment of these strategies and the mechanism behind them are
highlighted where applicable. We finally conclude with a look at
the future challenges and prospects of the nanoengineering
exploration of the ECR. It should be noted that this article is
not intended to be comprehensive; instead, we would like to
highlight some salient developments in recent years, especially
with a focus on the last five years.

2. Bulk metallic catalysts for the ECR

Earlier studies of catalysts for the ECR focused primarily on
bulk polycrystalline metals. Based on the primary product
from ECR, these metals can be divided into four groups: (1)
Group 1: Pb, Hg, In, Sn, Cd, Tl, and Bi, which mainly produce
formic acid (or formate depending on pH; “formate” is used
hereafter to represent both forms).>*™** (2) Group 2: Au, Ag,
Zn, Pd, and Ga, which form CO as the major product.*"**** (3)
Group 3: Cu, which is the only metal electrode that is able to
produce a wide range of hydrocarbons and oxygenates, such as
methane, ethylene, methanol and ethanol, in appreciable
amounts, besides CO and formate.”"*> (4) Group 4: metals,
such as Ni, Fe, Pt, and Ti, which catalyze the HER but not the
ECR under ambient conditions.*’ However, Jaramillo et al.*®
recently demonstrated that the production of methane and
methanol is more general than previously thought. They have
shown the production of methane on Fe, methane and metha-
nol on Au, Zn, Ni, and Pt, and of methane and methanol (and
ethanol) on Ag, albeit in small amounts. The readers are
referred to Hori’s publications for more details on the bulk
metallic catalysts for the ECR.*”*®

The mechanism for the ECR has been studied experi-
mentally and theoretically over the past few decades to under-
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stand the kinetic reaction pathways for different products and
the factors governing the selectivity of products over different
metals.'>*®7! Fig. 1 illustrates the possible pathways for the
ECR on the different groups of electrodes used. The same as
other typical heterogeneous catalytic reactions,” the first step
is the chemical adsorption of the reactant, CO,, on the elec-
trode. The formation of CO or formate depends on the initial
binding mode of the first intermediate of CO, reduction.’® The
mechanistic pathway on Group 1 electrodes, where formate is
the major product, has been speculated to proceed via a
(weakly adsorbed) CO,"™ radical anion that reacts with water to
form formate.”® The catalytic intermediate is expected to bind
to the catalyst through (one of) the oxygen atoms and the C
atom is therefore available for hydrogenation. In order to
achieve a high selectivity towards formate, high overpotentials
are needed, as the redox potential for the formation of the
CO,”” is —1.90 V vs. SHE.'® Lowering this overpotential
requires the stabilization of the adsorbed CO,™™ intermediate
as illustrated in Fig. 1.®

Metals in Group 2 and Group 3 bind CO, via the C atom,
that is, the carboxyl intermediate (*COOH, where * denotes an
adsorbed species), which is assumed to be formed through a
concerted proton-electron transfer to CO, (Fig. 1).3%3862:6
However, some experimental literature reports indicate that
the formation of *COOH takes place via the formation of a
CO,"” radical anion (Fig. 1),"’* implying the decoupling of
proton and electron transfer and therefore a different pH
dependence from that of the concerted pathway. On almost all
the ECR catalysts, the formation of the *CO,~ (or *COOH)
intermediate through the first electron (and proton) transfer
reaction is the rate determining step (RDS).*” Hence stabiliz-
ation of this high-energy intermediate is a key to achieving a
high-rate and efficient CO, reduction process. The carboxyl
intermediate will react with the second electron/proton to
form the *CO intermediate and water.”® Both experiments and
theory suggest that the binding energy of *CO on metal sur-
faces determines the overall activity and selectivity of the ECR
to produce CO, hydrocarbons or alcohols.”* For Group

H
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e
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Fig. 1 Possible reaction pathways for the ECR on metals. Redrawn

according to ref. 28. The most likely RDS in different pathways is
indicated.
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2 metals, the catalysts bind *CO weakly enough for the desorp-
tion of CO gas species from the surface, but they should, at the
same time, bind *COOH strongly enough to facilitate the acti-
vation of CO,. Too strongly bound CO may poison the catalyst
surface, for example, in the case of Pt and Fe in Group
4. Optimum CO binding is required for a catalyst, such as Cu,
to proceed to further protonation (formation of *HCO or
*COH) to form multi-carbon products via a series of compli-
cated proton and electron transfer reactions.’®™>' However, it is
a great challenge to optimize the binding energy of each inter-
mediate individually. The binding energies of *COOH, *CO
and *CHO are typically correlated through the “scaling
relations”, viz. the binding energy of *CO is positively corre-
lated to that of *COOH and *CHO, making it difficult to
control them independently.*9>">%71

3. Nanoengineering of catalysts for
the ECR

3.1. Significance of nanoengineering

Significant advances in the development of novel nanocatalysts
for electrocatalytic reactions have been made over the past few
decades. Nanomaterials often show enhanced catalytic activity
compared with that of bulk materials due to their unique mor-
phological, electronic, interfacial and surface chemical pro-
perties.”” These properties can be deliberately tuned to modify
the activity and selectivity of electrocatalytic reactions. For
example, the size of nanoparticles (NPs) can be used to control
the number of coordinatively unsaturated sites on the catalyst
surface, which may influence the binding strengths of reac-
tants and intermediates. The shapes of NPs can be used to
control the ratio between different crystal facets that may be
highly favorable for a particular reaction pathway. In nanoalloy
catalysts, more complex mechanisms may come into play. For
instance, geometric and electronic effects may alter surface
properties by distorting the atomic arrangements or shifting
the d-band centers of metal atoms on the catalyst surface.

On the other hand, as heterogeneous electrocatalysis essen-
tially occurs at the interface of an electrocatalyst and a bulk
solution, the surface and structure of the catalysts should play
a key role in determining the reactant adsorption and electron
transfer processes, and in turn, tailor the reaction activity and
selectivity. For example, modification of the catalyst surface
with small molecules may cause electron donating or accept-
ing effects on the surface electron structure of the metallic NP
catalyst, which will tune the adsorption properties of the cata-
lyst and hence the stability of the intermediates in a catalytic
reaction. The interaction between the electrocatalyst and the
support (e.g., metal oxide and carbon materials) may cause
synergistic effects, resulting in interfacial active sites with
modulated adsorption properties and stabilization capabilities
towards specific reactive species. By thinning a bulk material
with layered structures down to a two-dimensional (2D) form,
abundant coordinatively unsaturated surface atoms will be
exposed at the edges, which may be highly active for specific
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catalytic reactions. By optimizing the three-dimensional (3D)
electrode geometry, it is possible to expose a greater number
of catalytically active sites than in the planar form, promote
facile diffusion of species towards and away from these active
sites, and shorten electron and ion transport paths as well.
“Heterogenizing” homogeneous molecular catalysts by linking
them to the surface of a conductive support electrode may
provide a combination of the competing advantages of homo-
geneous catalysts (selectivity and tunability) and hetero-
geneous catalysts (robustness and easy separation of products
from catalysts).

As discussed in greater detail below, these nanoengineering
strategies can be classified into three major categories for the
optimization of the ECR properties: one strategy aims to
modify the intrinsic properties (e.g., lattice and facet) of the
electrocatalyst itself, including size and morphology regu-
lation, formation of nanoalloys and use of oxide-derived
materials; the second strategy aims to tune the catalyst’s per-
formance by introducing surface modification with small
molecules or interaction with a support material (e.g., gra-
phene and metal oxide). The third strategy aims to use struc-
tural effects to tune the environment surrounding the cata-
lysts, such as pH and CO, concentration under catalytic turn-
over conditions, and to exploit the catalytic capability of mole-
cular catalysts by immobilization on a heterogeneous support.

3.2. Intrinsic property modulation

3.2.1. Nanosize and nanomorphology. Engineering the size
of a catalyst to the nanoscale has been regarded as a common
and effective way to increase the catalytic capabilities of bulk
materials. In a nanosized catalyst, the population of exposed
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coordinatively unsaturated sites is significantly increased and
thus different adsorption properties towards substrates are
achieved.”®”® In contrast to bulk polycrystalline electrodes, the
particular interest in nanocatalysts lies in the controllable
facets and structures, which allow understanding and accu-
rately correlating their catalytic performance with physico-
chemical properties. This strategy has been widely used to
optimize activities in a range of electrocatalytic reactions, such
as CO oxidation, HER, oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER).***%7° Recently, nanocatalysts
with well-defined size and morphology have shown improved
activities for the ECR.

Sun, Peterson and coworkers have synthesized a series of
monodispersed Au NPs with different sizes (4, 6, 8 and 10 nm)
to investigate the size-dependent catalytic activity and selecti-
vity for the reduction of CO, to CO (Fig. 2a).*° Smaller Au NPs
could deliver higher overall mass activity (for the HER and
ECR), but lower selectivity towards the ECR (Fig. 2b). 8 nm Au
NPs exhibited the highest FE for CO, up to 90% at —0.67 V vs.
RHE in CO,-saturated 0.5 M KHCO;. The authors used density
functional theory (DFT) calculations to explain such a size-
dependent activity and selectivity for the Au NPs. They found
that corner sites bind *H more strongly and hence favor the
HER, whereas edge sites favor the ECR because of stronger
*COOH binding (Fig. 2¢). Consequently, 8 nm Au NPs with the
lowest corner to edge site ratio show a maximum FE for CO.

Another research study found that the overall current
density increased as the Au NP size decreased, but the selecti-
vity for the ECR dropped.®* According to DFT calculations, the
authors attributed these trends to the increase in the number
of coordinatively unsaturated sites on small NPs, which favor

g

= - - 100

FoOOM S 4l Cs

(PP LIS
0ot eseleds :
Petelelo%%e - ie
| . . ‘ . . 14 %40

L . . . ' . o 40 —a—4nm Au s
- ...'. ....‘E —e-6nm Au e
.‘. - ... . | 20 —+-8nm Au °o z s
' . . .. . .~ —+—10 nm Au 0 2 4 6 8 10

. . ‘ / J T particle diameter (nm)
oS "e % |/
20 nm g .. L y , : .u‘ﬁ 8 ot 00}
1 . . . 0.4 0.6 0.8 -1.0 o ® edge (111)
cavavalBaT0a E/V vs. RHE el

e @
s @
o @
oo @

/!-’ii‘\,

0 5 10 15 20 25 30 35 foil
d/nm

Population (%)

0 2 4 6 8 10 12 14 16 18 20
Diameter (nm)
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the catalysis of the HER over the reduction of CO, to CO.
Therefore, the CO/H, product ratio can be tuned by changing
the size of the catalyst particles, which is important for indus-
trial applications, such as the production of syngas.

As discussed in section 2, a moderate binding energy for
*CO is vital for the further reduction of *CO to hydrocarbons
and alcohols. To probe the size effect on the catalytic perform-
ance of Cu towards the ECR, Chorkendorff et al.®* prepared Cu
electrodes of different roughnesses (essentially particle sizes)
and tested their performance for ECR in 0.1 M KClO, aqueous
solution. It was found that the electrode covered by Cu NPs
had better selectivity towards hydrocarbons compared with the
electropolished copper electrode or the argon-sputtered Cu
electrode. The rougher Cu NP surfaces contained many coordi-
natively unsaturated sites such as steps, the effects of which
can be modelled by the (211) facet in DFT calculations. The
(211) surface stabilizes the transformation of *CO into the pro-
tonated intermediate *CHO more effectively than either of the
(111) and (100) surfaces, dominant forms on the surfaces of
the electropolished or argon sputtered Cu electrodes. The
authors propose that the activity of Cu could be enhanced
further by preparing smaller Cu NPs, as these would have a
greater density of coordinatively unsaturated sites.

To study the particle size effects of Cu NPs on the ECR, Cu
NPs, 2-15 nm in size, were prepared and used to compare
their catalytic activity and selectivity.*! A dramatic increase in
the catalytic activity (Fig. 2d) and selectivity for H, and CO was
observed with decreasing Cu particle size, in particular, for
NPs below 5 nm. Hydrocarbon (CH, and CH,CH,) selectivity
was increasingly suppressed for nanoscale Cu surfaces com-
pared to a bulk Cu electrode. They attributed such activity and
selectivity results to the size-dependent surface atomic coordi-
nation of Cu NPs. Changes in the population of coordinatively
unsaturated surface sites (Fig. 2e and f) and their stronger che-
misorption were correlated to the increased H, and CO selecti-
vity, higher catalytic activity, and decreased hydrocarbon
selectivity. By contrast, Alivisatos et al.®® found that Cu NPs
smaller than 30 nm produced hydrogen as the main product
while the selectivity towards CO was poor. The conflicting
results may come from the different synthesis approaches and
measurement conditions employed in these two studies.

Tuning the activity and selectivity towards the ECR was also
achieved using NPs of Pd,** Bi,* Sn®® and Ag® as catalysts.
The basic principle is similar, that is, to tune the ratio of edge,
corner and terrace sites and therefore to optimize the binding
strength of the intermediates *COOH and *CO during the
ECR. Such an approach is also supported by DFT
calculations.”®

When the size of the particle decreases to the subnan-
ometer scale (a few atoms and a single atom to extreme con-
ditions), new properties emerge and have been applied to cata-
lysis®®® including catalyzing the ECR in very recent years.

Jin’'s  group  reported that negatively charged
Au,5(SC,H,Ph);s~ nanoclusters of ~1 nm in diameter with a
precisely known crystal structure were able to reduce CO, into
CO at lower onset potentials, higher current densities, and
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larger CO production rates than 2 nm, 5 nm, or bulk Au cata-
lysts in CO,-saturated KHCOj; solution.”® They attributed the
enhancement to the negative charge on Au,s(SC,H,Ph)g~
because of the ligand, which promotes reactant adsorption,
facilitates electron transfer, and boosts electrocatalytic per-
formance. Their follow-up studies supported this hypothesis,
where the negatively charged Au,s(SC,H,Ph)s~ catalyzed the
ECR at higher rates and selectivity than that observed for
neutral or positively charged ones.” Ag nanoclusters also
showed better performance for ECR than the bulk Ag
electrode.”

Recently, a single-atom Ni electrocatalyst, which was syn-
thesized based on ionic exchange between Zn nodes and
adsorbed Ni ions within the cavities of a metal-organic frame-
work (MOF), was introduced for the ECR.” This single-atom Ni
catalyst exhibited a maximum FE for CO production of 71.9%
and a current density of 10.48 mA cm™ at an overpotential of
0.89 V in CO,-saturated 0.5 M KHCOj; solution. By coordinating
the Ni atom with nitrogen in carbon-based materials, a Ni-N,
site was constructed by Xie et al.,”* which was able to preserve
the active structure to the maximum extent and avoid the
agglomeration of Ni atoms into particles. This Ni-N, structure
exhibited high activity for the ECR with a maximum FE for CO
of 99% at an overpotential of 0.7 V and a current density of
28.6 mA cm ™2, DFT calculations indicated that the introduction
of Ni-N, sites lowers the formation energy of *COOH, which was
the RDS in this system, compared with that for N-C. Following a
similar strategy, single-atom Ni in a graphene vacancy® and
atomically dispersed Co atoms anchored on nitrogen-doped
porous carbon (Co-N,)°® have also been found to work as
efficient electrocatalysts for reducing CO, into CO.

It is reasonable to consider nanowires (NWs) as better cata-
lysts for the ECR as they have more edge sites but fewer corner
sites. Indeed, Sun, Peterson and coworkers®” synthesized ultra-
thin Au NWs (2 nm wide); a very low onset potential (0.2 V vs.
RHE) and a high FE for CO (94% at —0.35 V vs. RHE) were
achieved on NWs of 500 nm in length (Fig. 3a). DFT calcu-
lations indicate that such an outstanding catalytic perform-
ance originates from the high ratio of edge sites that maintains
activation of CO, to *COOH while facilitating the release of
*CO (Fig. 3b).

Aside from NWs, nanocatalysts of other shapes have also
been developed for the ECR with the purpose of exposing
specific crystal facets. Luo et al.’® demonstrated an enhanced
current density and a significantly improved FE (96.8%) for CO
and energy efficiency (61.7%) over triangular silver nanoplates
compared with bulk Ag or similarly sized Ag NPs in 0.1 M
KHCO; solution (Fig. 3c). As suggested by DFT calculations,
the shape-dependent electrocatalytic properties originate from
the optimum edge-to-corner ratio together with the dominant
Ag(100) facet, where lower energy is required to initiate the for-
mation of *COOH, the RDS (Fig. 3d).

Buonsanti et al.”® synthesized two different sized Cu nano-
spheres (7.5 nm and 27 nm) and three different sized Cu nano-
cubes (24 nm, 44 nm, and 63 nm) by a colloidal chemistry-
based method and exploited the structure-property relation-
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carbon (black), carbon black (pink), bulk Ag (red), Ag NPs (green) and tri-
angular Ag nanoplates (blue). (d) Active adsorption site density on tri-
angular Ag nanoplates as a function of particle size. Adapted with per-
mission from ref. 98. Copyright 2017, American Chemical Society.

ship between Cu nanocrystals and their behavior as catalysts
for the ECR in 0.1 M KHCOj; solution. Within the same mor-
phology, smaller Cu nanocrystals exhibited higher activity
whereas the cube-shaped nanocrystals were more active than
the spheres. A non-monotonic size dependence of the selecti-
vity in cube-shaped Cu nanocrystals was revealed in the study.
Among the Cu nanocubes of three sizes tested, cubes with
44 nm edge length exhibited the highest selectivity towards the
ECR (80%) and FE for ethylene (41%). Statistical analysis of
the surface atom density suggests a key role played by edge
sites: an optimal ratio of edge sites over (100) plane-sites is
crucial to maximize the ECR activity and ethylene selectivity.

Sargent’s group also explored the control of the Pd NP mor-
phology to increase their catalytic activity and stability in the
electroreduction of CO, to formate.'®® Through DFT calcu-
lations, they found that higher-index facets with more steps
and coordinatively unsaturated atoms in Pd NPs should lead
to a greater activity towards the ECR. On this basis, they syn-
thesized branched Pd NPs enclosed by high-index facets,
which displayed a record current density of 22 mA ecm™> at a
low overpotential of —0.2 V with a FE of 97% for formate,
much better than the performance of [100] plane-enclosed Pd
nanocubes or [110] plane-enclosed rhombic dodecahedra. The
findings highlight the importance of morphological control of
high-index surfaces for active and selective ECR.

3.2.2. Nanoalloys. As mentioned above, the reaction
activity and product selectivity in the ECR are dependent on
the binding strength of the key intermediates, such as
*HCOOH, *CO and *H (for the competing HER). Changing the
composition of a metallic catalyst by alloying with another
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metal can enhance the performance over that of the solo metal
by tuning their stabilization capability towards key intermedi-
ates,® and therefore has drawn considerable attention over the
past few years.

Koper et al.'®" designed a Pd-rich Pd-Au alloy with the idea
of combining a metal that binds CO strongly (Pd) with a metal
that binds CO weakly (Au) to tune the binding energy of the
intermediate *CO. They proposed that the reduction of CO,
into the *CO intermediate is the RDS and higher hydrocarbons
were produced by polymerization of *CH, intermediates
adsorbed on the alloy surface. Lewis et al.'> prepared Ni-Ga
alloy films of different compositions (NiGa, NizGa, and
Ni5;Ga;) and found that the alloy films were able to reduce CO,
into a range of products, including CH,, CH3;CH; and
CH,CH,, at low overpotentials. This work shows that a unique
and tunable reactivity can be obtained for the ECR by the use
of bimetals instead of their pure phases, because neither Ni
nor Ga alone exhibits low overpotentials for CO, reduction.
Jaramillo et al.'® synthesized a thin film of Au-Pd alloy and
found it more active and selective for HCOO™ production than
either pure Au or Pd, which was attributed to a synergistic
effect in this alloy. Sun and coworkers developed a Pd-Sn alloy
for the selective electroreduction of CO, into formate.'®* The
catalytic activity and selectivity are highly dependent on the
surface electronic structure of the alloy. Formic acid was pro-
duced with nearly 100% FE at a low overpotential of 0.26 V on
the PdSn alloy with optimal surface Pd, Sn, and O configur-
ation. Meyer et al.'® prepared a Cu-Pd nanoalloy catalyst on
an electroactive polymeric film, more than doubling the FE for
the reduction of CO, to methane compared to that of Cu NPs.
They proposed that the enhancement arose from a synergistic
reactivity interplay between Pd-H sites and Cu-CO sites during
the ECR. A Cu-In alloy prepared by electrochemical deposition
of In on rough Cu surfaces was also reported to selectively
convert CO, into CO with a low overpotential.'® DFT calcu-
lations showed that the In was preferentially located on the
edge sites rather than on the corner or flat sites of Cu, and the
d-electron nature of Cu remained almost intact. However, the
adsorption of H (i.e., the stability of *H) was disfavored on Cu
in the presence of In, whereas the stability of *COOH was
improved and the CO adsorption energy was not changed sub-
stantially. The Takanabe and Wallace groups drew similar con-
clusions using a Cu-Sn alloy, which is reasonable considering
the similar chemical properties of Sn and In."*”'%®

To effectively use the alloying strategy to optimize the ECR
performance, the fundamental trends of alloying should be
studied. For this, Yang et al.'® used monodisperse Au-Cu bi-
metallic NPs as a catalyst for the ECR. Pure Cu produced
various products as expected, and the incorporation of Au pro-
moted CO evolution, with AuzCu showing the best selectivity
towards CO generation. The preference for CO formation on
Au-Cu alloy NPs was attributed to both electronic and geo-
metric effects. The binding strength of *COOH and *CO is
expected to become stronger from Au, Au-Cu, to Cu, as higher
d-band levels correlate to stronger binding to transition metals
(the electronic effect) (Fig. 4a). Therefore, the activity of CO for-
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Fig. 4 (a) Surface valence band photoemission spectra of Au—Cu bimetallic NPs. The white bar indicates the center of gravity of the band. The

upper limit of integration is fixed at —9.0 eV in binding energy for comparison. (b) Schematic diagram showing the proposed mechanism for the ECR
on the surface of Au—Cu bimetallic NPs. Grey colour is C, red colour is O and white colour is H. The relative intermediate binding strength is indi-
cated by the stroke weight (on the top right corner). Additional binding between the *COOH and the catalyst surface is presented as a dotted line.

Arrows between the *COOH and *CO are given to show the difference i

n the probability of having COOH adsorbed on different types of surfaces.

Colored arrows indicate the pathway to each product: red for CO, blue for formate and green for hydrocarbons. Larger arrows indicate higher turn-
over. Adapted with permission from ref. 109. Copyright 2014, Nature Publishing Group.

mation on Au-Cu NPs should lie between those of Au and Cu.
However, the results do not follow this trend, indicating that
the activity of Au—Cu is not only determined by the electronic
effect. The authors proposed that a geometric effect, caused by
the local atom arrangement, should also be considered. The
intermediate *COOH could be stabilized via the Cu-O inter-
action between the oxygen atom on *COOH and a Cu atom
beside the Au atom (Fig. 4b). Hence, Au-Cu NPs are able to
stabilize *COOH intermediates better than they stabilizing
*CO, which is beneficial for CO formation. Due to the synergis-
tic electronic and geometric effects in Au-Cu alloy NPs, the
binding energies of key intermediates can be tuned and opti-
mized, which results in better catalytic performance than that
of monometallic catalysts. The same group further studied the
effect of atomic ordering degree in Au-Cu alloy on the catalytic
performance of the ECR."'® They showed that ordered Au-Cu

alloy NPs could actively and selectively convert CO, into CO
with a FE of 80%, in contrast to disordered alloy NPs, which
were catalytically active for the HER. Using techniques which
probed the structure down to the atomic level, the authors
ascribed the activity and selectivity to the compressively
strained three-atom thick gold overlayers that formed over the
intermetallic core, resulting from the disorder-to-order trans-
formation; this hypothesis was further supported by DFT
calculations.

Kenis et al.''' also investigated the influence of homo-
geneity of the alloy on the ECR reactivity. A range of bimetallic
CuPd alloy NPs with ordered, disordered, and phase-separated
atomic arrangements, as well as two additional disordered
arrangements (CuzPd and CuPdj;), were studied to determine
key factors for the selective generation of C; or C, products in
the ECR (Fig. 5a). They found that, compared with the dis-
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ordered and phase-separated CuPd catalysts, the ordered CuPd
catalyst exhibited the highest selectivity for C; products
(>80%), whereas the phase-separated CuPd and CuzPd cata-
lysts achieved higher selectivity (>60%) for C, products than
seen for either CuPd; or ordered CuPd (Fig. 5b). Based on
these findings, the authors proposed that the probability of
dimerization of C; intermediates was higher on surfaces with
neighboring Cu atoms, implying that geometric effects, rather
than electronic effects, were likely to be critical in determining
the selectivity of Cu-Pd alloy catalysts.

The interaction between the metal overlayer and the under-
lying substrate can tune the adsorption energies of the reac-
tant and/or intermediates by the “strain effect” and “ligand
effect” (electronic interaction between the overlayer and the
substrate), and thus has been used as a powerful strategy in
electrocatalysis to optimize the catalytic properties."'*'"?
Fermin et al.'** reported the effect of a Pd overlayer on Au NPs
on the ECR, while Chorkendorff et al.'*® explored the growth
of Cu overlayers on a Pt electrode. Koper and coworkers''®*"”
also studied Cu overlayers on a Pt electrode and on Au NP
cores.

DFT calculations were used to examine how the strain effect
and the ligand effect between Cu,/M;/Cu(211) and Cu,/M(211)
heterolayers (where M = Rh or Ni, /i and j represent the
numbers of monolayers) could tune the catalytic properties of
the ECR."'® By comparing the free energy profiles of the CO-
and CH,-formation pathways, the authors found that a
Cu monolayer experienced only a pure ligand effect in Cu,/M,/
Cu(211) and showed a slightly decreased overpotential for the
ECR. Other sandwiched surfaces, Cu;/Ni,/Cu(211), Cu,/Rh,/
Cu(211) and Cu,/Rh,/Cu(211), in which the ligand effect is
weaker, were able to decrease the overpotential further. In the
Cu;/M(211) overlayer, Cu was affected by both the strain and
ligand effects, of which the latter dominated. But the strain
effect became dominant in the Cu overlayers as the number of
Cu monolayers increased from one to three. The tensile strain
on Cu in Cu,_3/Rh(211) overlayers was found to result in a sig-
nificant decrease of overpotential, whereas the compressive
strain in Cu,_3/Ni(211) overlayers had the opposite effect. Cu,/
Rh,/Cu(211) and Cu,_3/Rh(211) increased the catalytic activity
while retaining selectivity for CO and CH, over the HER.

Yang, Sargent and coworkers'" recently reported a Cu
underpotential deposition (UPD) strategy to quantitatively and
systematically tune the coverage of Cu on nanostructured Au
electrodes for the ECR. In situ surface enhanced Raman spec-
troscopy (SERS) and DFT calculations indicated that Cu enrich-
ment could directly change the electronic structure of the Au
electrode, and therefore alter the molecular coordination
environment and binding characteristics of the intermediate
*CO on Au surfaces. Such control was used for tuning the rela-
tive selectivity of CO formation and the HER to produce
syngas. Sun et al.'*® demonstrated a Sn-thickness dependent
selectivity for the production of either formate or CO using a
Cu@SnO, core-shell NP catalyst. They found that the 1.8 nm
SnO, shell acted as the SnO, NP catalyst for the selective for-
mation of formate, whereas the 0.8 nm SnO, shell became
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selective for CO formation with a maximum FE of 93%. This
transformation of selectivity was rationalized by DFT calcu-
lations, which suggested that the trace contamination of the
SnO, surface with Cu caused the uniaxial compression of
SnO,, lowering the formation energy of *COOH and therefore
favoring the production of CO over formate. Jiao et al.'*' also
identified an Ag@SnO, core-shell NP catalyst that contained
an Ag-Sn bimetallic core and an ultrathin partially oxidized
SnO, shell for the ECR. By tuning the thickness of the SnO,
shell, an optimal catalytic activity and selectivity towards
formate was achieved at a shell thickness of ~1.7 nm. DFT cal-
culations showed that oxygen vacancies on the SnO(101)
surface were crucial for CO, activation and the catalytic activity
toward formate arose from the competing effects of favorable
stabilization of intermediates by lattice expansion and the elec-
tron conductivity loss due to the increased thickness of the
SnO, layer.

3.2.3. Oxide derivation. Metallic catalysts derived from the
corresponding oxides have recently been identified as promis-
ing materials to catalyze the ECR. The treatments are usually
carried out through (pulsed) anodization or annealing of the
metal electrodes in air, followed by (in situ) electroreduction or
annealing in the presence of a reductive atmosphere (e.g,
hydrogen) to obtain the oxide-derived catalysts.>® Such
obtained catalysts usually possess metastable structures, high-
density grain boundaries and high surface areas, which are
responsible for the exposure of more catalytically active sites
and stabilization of intermediates for the ECR, leading to the
improved catalytic activity, selectivity and durability.

Kanan et al.'®* prepared Cu electrodes by annealing Cu foil
in air and electrochemically reducing the resulting Cu,O layers
(Fig. 6a), and found that the ECR activities of the oxide-derived
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Fig. 6 (a) SEM image of oxide-derived Cu after electrolysis. (b)
Comparison of the FEs for CO and formic acid on polycrystalline Cu and
Cu annealed at 500 °C for 12 h. Adapted with permission from ref. 122.
Copyright 2012, American Chemical Society. (c) SEM image of oxide-
derived Au NPs. (d) Tafel plots for polycrystalline Au and oxide-derived
Au. Adapted with permission from ref. 123. Copyright 2012, American
Chemical Society.
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Cu electrodes were strongly dependent on the initial thickness
of the Cu,O layer. Thin Cu,O layers, formed by annealing at
lower temperature, resulted in electrodes with catalytic activity
comparable to that of polycrystalline Cu. In contrast, Cu,O
layers formed at higher temperature resulted in electrodes
with large roughness factors, which not only required lower
overpotentials but also exhibited higher selectivity towards the
ECR than that seen for polycrystalline Cu (Fig. 6b).
Furthermore, the activity of the oxide-derived electrodes was
stable over several hours, whereas a polycrystalline Cu elec-
trode became deactivated within one hour under identical
conditions.

The group also used the oxide-derived Cu electrode for the
electroreduction of CO to multi-carbon oxygenates (ethanol,
acetate and n-propanol) with higher selectivity over the HER in
CO-saturated alkaline H,0."** By temperature-programmed de-
sorption of CO on the electrode and quantification of the grain
boundary density of the oxide-derived Cu NPs, the authors
attributed the catalytic activity on oxide-derived Cu to the
metastable surface features arising from grain boundaries,
which bind CO strongly, distinct from the low-index and
stepped facets on polycrystalline Cu.'*>'® Using in situ
ambient pressure, X-ray photoelectron spectroscopy and quasi
in situ electron energy loss spectroscopy in a transmission elec-
tron microscope, Nilsson’s group found that a substantial
amount of subsurface residual oxygen but no residual copper
oxide existed in nanostructured, oxide-derived Cu electrocata-
lysts. The subsurface oxygen is supposed to be in a negative
oxidation state, which is compensated for by polarization of
the conduction electrons in the surrounding metallic Cu
atoms. Combined with DFT calculations, the authors proposed
that the subsurface oxygen could change the electronic struc-
ture of the catalyst and create sites with higher CO binding
energy, which was key for reducing CO, into multi-carbon
compounds.**’

Baltrusaitis, Mul and coworkers'*® electrodeposited Cu,O
films of different facet orientations and variable thickness on
copper plates and used the electrodes for ECR. It was found
that reduction of Cu,O was easier compared to reduction of
CO, or H,O, which implies that metallic Cu was the active
form in the catalyst. They also found that the selectivity for the
ECR on the Cu,O-derived electrodes was largely dependent on
the parent Cu,O film thickness rather than on the initial
crystal orientation. Electrodes from thicker Cu,O demon-
strated a decreased selectivity towards CO, reduction but an
increased CH,CH, to CH, ratio, which was rationalized as a
local pH effect. The local pH near the electrode surface during
electrolysis is higher than the bulk value due to the consump-
tion of H', and the increase in surface roughness, associated
with the increased thickness of the Cu films, leads to a higher
local pH due to additional surface sites for the HER. Higher
local pH favors the formation of CH,CH, from the *CO inter-
mediate over the formation of CH,. Yeo et al.'*° observed a
similar trend in the selectivity of CH,CH, and CH, and identi-
fied an additional C, product, ethanol, on their Cu,O-derived
Cu electrodes. In addition to the pH effect, they argued that an
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optimized surface population of edges and steps on the cata-
lyst was also necessary to facilitate the dimerization of the
*CH,O intermediates into C, products. Smith et al."*° prepared
Cu NW array electrodes through a two-step synthesis of
Cu(OH), and CuO NW arrays on Cu foil substrates followed by
in situ electrochemical reduction to Cu NWs during the ECR.
They found that the Cu NW array could reduce CO, into CO
with a FE of ~50% at an overpotential of 490 mV. The selecti-
vity for CO on a Cu NW array was significantly higher than
that on polycrystalline Cu foil under identical conditions, and
the improved catalytic properties were ascribed to the
enhanced stabilization for the *COOH intermediate.

Kanan’s group further investigated the performance of
oxide-derived Au, Sn, and Pb electrodes for the ECR,'2*131:132
They found that the oxide-derived Au (Fig. 6¢) had a high
selectivity for the reduction of CO, to CO at very small over-
potentials with high durability. Tafel analysis (Fig. 6d) indi-
cated a mechanism that involved a reversible electron transfer
to CO, to form adsorbed CO,™™ followed by a rate determining
proton transfer step, suggesting a better stabilization for the
CO,"” intermediate on oxide-derived Au than on polycrystalline
Au. Further studies by the group showed that grain boundaries
were responsible for the catalytic property enhancement.'*?
They also evaluated the importance of oxide for the ECR on Sn
by comparing the activity of Sn electrodes that had been sub-
jected to different pre-electrolysis treatments. It was found that
the Sn electrode with a native SnO, layer exhibited a lower
overall current density but significantly higher CO, reduction
selectivity compared to an electrode with a freshly-exposed Sn°
surface. On this basis, they prepared a thin film electrode by
simultaneous electrodeposition of Sn° and SnO, on a Ti elec-
trode, and found that this electrode demonstrated highly
improved activity and selectivity for the ECR compared to that
of a Sn electrode with a native SnO, layer. A Tafel analysis
suggested that the presence of SnO, accounted for the stabil-
ized CO, "~ intermediate. However, they could not determine
whether reduction took place at the interface between Sn° and
SnO, or on the SnO, surface directly, and further detailed
studies are therefore required.

The oxidation state changes of SnO, under catalytic turn-
over conditions in the process of the ECR are ambiguous,
needing further identification. To tackle this, potential- and
time-dependent in operando Raman spectroscopy was utilized
by Broekmann et al.** They found a strong correlation between
the oxidation state of the material surface and the FE of
HCOO™ at different alkaline pH levels (Fig. 7a). At moderate
cathodic potentials, SnO, exhibited a high FE for formate,
while at very negative potentials the oxide was reduced into
Sn° accompanied by a significant decrease in FE for formate.
The in operando Raman spectroscopy also showed that the
kinetic stability region of SnO, well exceeded its thermo-
dynamic stability window and the highest selectivity for FE
was obtained in a potential range where the SnO, was partially
reduced into a metastable SnO, phase (Fig. 7b).

An in situ attenuated total reflectance infrared spectroscopy
(ATR-IR) study by Bocarsly’s group®® agreed with the presence
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Fig. 7 (a) The relative intensities of the Sn'-related Ay Raman peaks
(O, solid line) and the FEs for formate production (X, dashed line) as a
function of the applied potential. In the three distinct potential regions
represented by the shaded background, the catalyst is in the form of
fully oxidized SnO5(1), a partially reduced compound of mixed oxidation
state() and completely reduced metallic Sn(m), as illustrated by the
scheme of (b). Adapted with permission from ref. 64. Copyright 2015,
American Chemical Society. (c) Proposed mechanism for the reduction
of CO, to formate on Sn/SnO, cathodes. SnO denotes a Sn' oxyhydrox-
ide species. Adapted with permission from ref. 63. Copyright 2015,
American Chemical Society.

of a metastable oxide layer on the Sn electrode during electro-
lysis. The potential- and time-dependent IR data indicated the
formation and subsequent reduction of a surface-bound car-
bonate intermediate on the Sn" oxyhydroxide surface formed
by partial reduction of SnO, (Fig. 7c). This surface-confined tin
carbonate was suggested to be the key electroactive intermedi-
ate for the production of formate, which is similar to the
mechanism found for an In electrode.”* Ge et al."**> employed
DFT calculations to study the impact of SnO, on tin-based elec-
trode surfaces (modelled by a SnO monolayer on the Sn(112)
surface) on the activity and selectivity of the ECR. They also
found that, compared to the pure Sn electrode, the formation
of SnO, monolayer on the electrode could promote CO,
reduction effectively by forming surface hydroxyls. These
hydroxyls could react with CO, to form a bicarbonate inter-
mediate for the further generation of formate or a carboxyl
(*COOH) for the further production of CO.

3.3. Surface modification and support effect

3.3.1. Surface modification. Pioneering studies by Hori
and coworkers have demonstrated that different cations and
anions in the electrolyte could influence the activity and
selectivity of the ECR by affecting the outer Helmholtz plane
(OHP) potential of the electrode-electrolyte interface.'***3”
This effect has been recently rationalized in terms of cation
hydrolysis occurring in the vicinity of the cathode."*® With the
increase of cation size, the pK, for cation hydrolysis decreases;
the cations serve as buffering agents, lowering the pH near the
cathode and leading to an increase in the local concentration
of dissolved CO,. A number of electrolytes and additives, such
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as ionic liquids, X~ (X = Cl~, Br~, I"), 8>~ and surfactants, have
recently been proposed to influence the ECR through multiple
effects, including changes of the local pH, increase of the CO,
solubility, suppression of the HER, and stabilization of
intermediates.®®3°7'32 In this section, the focus is on the
surface modification of the catalyst rather than on tuning the
electrolyte.

Meyer et al."*® used an amine-containing polymer polyethyl-
enimine (PEI) to alter the local environment of N-doped
carbon nanotubes (NCNTs) for the selective reduction of CO,
into formate. It was found that the positively charged polymer
could be attached to the surfaces of NCNTs through electro-
static interactions, and a charge transfer from the electron-
donating PEI to CNTs was observed, in agreement with pre-
vious reports.">*'*>> The authors argued that CO, was presum-
ably first adsorbed to the basic nitrogen binding sites (pyridi-
nic and pyrrolic N) in NCNTs, where it was reduced into CO,™~
The PEI overlayer worked as a cocatalyst to improve the cata-
Iytic capability of NCNTs: the PEI would stabilize CO,™ by a
H-bond interaction, NCNT-N-C(O) O'™---H-N-PEI, thus lower-
ing the onset potential for reducing CO, into CO, ~. They also
proposed that PEI may concentrate CO, near the electrode
surface from the bulk solution because PEI is known to adsorb
CO,.

Our group found that the addition of PEI could tune the
selectivity between H, and CO on the amorphous molybdenum
sulfide immobilized on reduced graphene oxide (rGO-MoS,)
material.’®® In the absence of MoS,, the rGO-PEI electrode
demonstrated a reduction onset potential about 0.5 V more
negative than the rGO-MoS, electrode in both N,-saturated
and CO,-saturated NaHCO; solutions, and only H, was
detected in the electrolysis in CO,-saturated NaHCOj;
solutions (Fig. 8a), which indicated that MoS, was an effective
catalyst towards the HER in the absence of PEI It was found
that the incorporation of PEI into the rGO-MoS, system
(rGO-PEI-MoS,), on the other hand, resulted in a high selecti-
vity towards the generation of CO. Hence, a synergetic effect of
PEI and MoS, was responsible for the ECR. Two factors might
account for this effect: (1) PEI could suppress the HER and
thus enhance the competing ECR, which was evidenced by the
inferior HER performance in the presence of PEI in the solu-
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tion compared to that without PEI at the same pH. (2) PEI
could stabilize the intermediate CO,"~ in the ECR. A much
smaller Tafel slope of 74 mV dec™' was obtained with the
rGO-PEI-MoS, electrode (Fig. 8b), which was close to the
theoretical value of 59 mV dec™" predicted for the case where a
reversible CO,/CO,’~ process occurs prior to a rate determin-
ing chemical step, considering the presence of a competing
HER. This enhanced kinetics of the CO,/CO,"™ process was
attributed to the stabilization of CO,”™ by the amines on PEI
through hydrogen bonding and electrostatic interactions, in
agreement with studies of NCNTs."*?

Hwang, Min and coworkers®” synthesized Ag NPs with
different sizes on a carbon support using cysteamine as an
anchoring agent. They found that the catalyst with 5 nm Ag
NPs exhibited a significantly decreased overpotential and the
highest ECR activity for the generation of CO (Fig. 9a). DFT cal-
culations suggested limited overpotential modulation by size
effects of Ag NPs, in agreement with previous experimental
results for the ECR, where the size of Ag or Au NPs changed
the current densities significantly but the onset overpotentials
remained almost unaffected by the particle size.*>'*” Hence,
the authors rationalized the low overpotentials on their catalyst
to be the cysteamine anchoring agent, which could induce
surface localization of the unpaired electron in the Ag surface
via the Ag-S interaction (Fig. 9b). Such an altered electronic
structure was able to preferentially stabilize the *COOH inter-
mediate with a marginal change in the binding energy of *CO,
resulting in an enhanced *COOH stabilization and thus
improved catalytic activity. The effect of cysteamine could be
understood by the covalency-aided electrochemical reaction
(CAER) mechanism,"® previously proposed by the authors.
Furthermore, they compared the effects of amine and thiol
functional groups on tuning the selectivity for the ECR with Ag
NPs."® They found that an amine group on Ag NPs was able to
improve CO selectivity by suppressing the HER, whereas the
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thiol group increased HER activity. This observation was
explained by DFT calculations, which showed that attaching
amine molecules to Ag NPs destabilized the hydrogen binding
and hence suppressed the HER, while an opposite tendency
was found with thiol molecules.

Wang et al.'® studied the effects of amino acid (e.g.,
glycine, leucine, tyrosine, and arginine) modification on the
selective electroreduction of CO, to hydrocarbons using Cu
electrodes. An obvious enhancement in the selectivity of
hydrocarbons (C,H,, C,Hs and C;Hg) was observed on the
amino acid (especially glycine) modified Cu electrodes, regard-
less of the morphology of the Cu electrodes (NWs, smooth or
rough foil). The Tafel slope of the modified Cu electrode was
close to 120 mV dec™, similar to that of the unmodified one,
revealing that the modification would not change the RDS of
the ECR. The authors suspected that the improved selectivity
towards hydrocarbons was related to the strong interaction
between the -NH, groups in amino acids and the key inter-
mediate *CHO in the further reduction steps of *CO into
hydrocarbons.”® DFT calculations were carried out by the
authors to confirm this hypothesis; these calculations showed
strong hydrogen-bond like interactions of the -NH;" end of
zwitterionic glycine with both *COOH and *CHO, leading to a
stabilization of these two intermediates and therefore
enhancement of hydrocarbon generation.

Recently, Chang, Yang and coworkers'®® reported a mole-
cular surface functionalization approach for tuning Au NP cat-
alysts for the ECR (Fig. 9c). They found that the N-heterocyclic
(NHC) carbene-functionalized Au NP catalyst could improve
both the activity and selectivity for the reduction of CO, into
CO compared to the parent Au NPs. The author examined the
kinetics of CO, reduction with Tafel analysis, in which the
parent Au NPs gave a slope of 138 mV dec ™', whereas the Tafel
slope for carbene-functionalized Au NPs was 72 mV dec™’
(Fig. 9d). This indicated that the surface modified electrocata-
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Fig. 9 (a) CO partial current density vs. applied potential on different catalysts. (b) Electron spin density. Specific interaction developed in between
Ag NP and the cysteamine (Cys,, x denotes the number of cysteamines binding on the Ag NP) leads the unpaired electron to be localized at the
surface state of Ag NP. Adapted with permission from ref. 87. Copyright 2015, American Chemical Society. (c) Scheme of surface modification of
NHC carbene on Au NPs. (d) Tafel plots for carbene-functionalized Au (Au-Cb) NPs and Au NPs supported on carbon. Adapted with permission
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lyst underwent a pre-equilibrating one-electron transfer fol-
lowed by a rate-limiting chemical step. This was in contrast to
the unmodified Au NPs, on which a rate-limiting one-electron
transfer from the adsorbed CO, took place to generate the
surface-adsorbed CO,"”. They speculated that carbene coordi-
nation would influence the Au surface through a combination
of both electronic and geometric effects. Strong c-donation
from the carbenes enriched electrons in the Au NP surface,
which would change the mechanism of the ECR. The authors
also suggested that the strong carbene-gold bond could desta-
bilize Au-Au bonding with neighboring atoms, leading to
restructuring of the Au NP surface and thereby increasing the
number of defect sites.

3.3.2. Support effect. The interactions between different
components in supported catalysts can result in interfacial
active sites with modulated adsorption properties and stabiliz-
ation capabilities of reactive species caused by the synergy
between the support substrate (e.g., metal oxide and carbon
materials) and supported NPs.*"'®*7'%* For example, signifi-
cantly enhanced catalytic properties at the metal-oxide inter-
face, known as “strong metal-support interaction” (SMSI),
have been widely recognized in heterogeneous catalytic pro-
cesses, such as thermochemical CO oxidation,'®® water-gas
shift reaction,'®® thermochemical CO, hydrogenation,'®”*¢®
and electrochemical ethanol oxidation.'® Recently, such a
support effect or interfacial interaction has been used to
promote the ECR.
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Kenis et al."’° studied carbon black- and TiO,-supported Ag
NP catalysts (Ag/C and Ag/TiO,, respectively) for the reduction
of CO, into CO. 40 wt% Ag/TiO, exhibited a twofold higher
current density for CO production than 40 wt% Ag/C in a flow
reactor and Ag/TiO, exhibited a lower overpotential for the
ECR than Ag NPs in cyclic voltammetry tests in a three-elec-
trode cell. On the basis of cyclic voltammetry data, the authors
proposed that TiO, stabilized the CO,"” intermediate via the
participation of the Ti"/Ti"™ redox couple while Ag NPs
adhered on the TiO, surface reduced the intermediate into
CO. Bao et al.'”* constructed a Au NP-CeO, interface (Fig. 10a)
and showed that the ECR could be significantly enhanced at
such an interface, which showed ECR -catalytic properties
highly enhanced compared to those of Au NPs or CeO, alone
(Fig. 10b). In situ scanning tunneling microscopy and photo-
emission spectroscopy showed that the Au NP-CeO, interface
was the dominant site for enhancing CO, adsorption and acti-
vation, which could be further promoted by the presence of
hydroxyl groups. DFT calculations indicated that the Au NP-
CeO, interface could promote the stability of the intermediate
*COOH and thus facilitate the ECR (Fig. 10c). A similar inter-
face-enhanced ECR was further observed on Ag NP-CeO,,
demonstrating the wide applicability of the strategy for the
ECR. Using first principles calculations, Xiao et al.®* found
that a critical change of the d-band states was obtained when
an Ag(111) monolayer was supported on the ZnO(0001) sub-
strate due to the SMSI effect. The binding strength between
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the supported Ag(111) monolayer and CO, was intermediate
for the formation of hydrocarbons and/or alcohols.

Fischer et al.'”? synthesized a composite material composed
of Au NPs embedded in a bottom-up synthesized graphene
nanoribbon (GNR) matrix, and observed a performance
enhancement for the ECR (Fig. 10d). This composite material
had an onset overpotential of ~0.09 V, a maximum FE for CO
of >90% (Fig. 10e) and a superior stability of over 24 hours.
The electrochemically active surface area suggested that the
GNR could facilitate the dispersion of Au NPs while not
obstructing access to the catalytically active metal surface. A
Mott-Schottky heterojunction at the GNR-Au NP interface was
proposed to be formed, where the charges migrated from a
lower work function GNR across the interface towards the
higher work function Au NPs, increasing electron density at
the metal surface and therefore reducing the catalytic onset
potential compared to the potential seen for either bare Au
NPs or Au NPs supported on other carbon supports. The
authors also proposed that the methyl carboxylates along the
graphene edges, introduced by the bottom-up synthetic strat-
egy, could stabilize the intermediate during the ECR and there-
fore shift the rate-determining step from the first electron
transfer to the following chemical step (Fig. 10f). Amal et al.'”®
fabricated a g-C3N,-CNTs composite for the reduction of CO,
into CO with a maximum FE of 60% and a durability of over
50 hours. The enhanced catalytic activity was attributed to the
formation of active carbon-nitrogen bonds within the compo-
site, a high specific surface area and improved conductivity. By
large-scale screening-based DFT and microkinetics modeling,
Sun et al.'”* identified that some transition metal dimers (Cus,
CuMn, and CuNi) could be promising candidates for the ECR
when supported on graphene with adjacent single-vacancy
sites.

3.4 Structural engineering

3.4.1 3D structure. By constructing a 3D hierarchical elec-
trode geometry, it is possible to expose a greater number of
catalytically active sites, promote facile diffusion of species
towards and away from these active sites, and shorten electron
and ion transport paths as well, resulting in enhanced electro-
catalytic performance compared to that seen for planar
structures.'””>”"”® Furthermore, recent developments on the
ECR also reveal that the hierarchical 3D structures are able to
regulate the local pH and CO, concentration, which are critical
factors to tune activity and selectivity in the reaction.'”®"'8?

Amal, Lu and coworkers'®* fabricated a 3D porous Ag foam
electrode for direct use as the catalyst for the ECR and showed
a high FE for CO of ~95% and a large current density of
10.8 mA em ™ at an overpotential of 0.88 V. The enhanced cata-
lytic performance was attributed to the unique configuration
of the 3D porous Ag structure, which offered high conductivity,
a large surface area with active sites, and easily accessible
pores to allow facile transportation of reactants and products.
Tao et al.'®® developed a nanoporous Sn foam catalyst, which
exhibited high activity and selectivity for the generation of
formate. The authors also attributed the improved perform-

This journal is © The Royal Society of Chemistry 2018
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ance, compared to that of a bulk Sn electrode, to the high
surface area and porous structure. A similar strategy was
applied to the fabrication of a cyclic-voltammetry-deposited Pd
film with porous morphologies and a hierarchical Sn dendrite
electrode consisting of a multi-branched conifer-like structure,
both of which had enlarged surface areas for enhanced
ECR.'®*'®” Mul et al.'®® designed a porous hollow fiber copper
electrode with a compact 3D geometry, which provided a large-
area, three-phase boundary for gas-liquid reactions. The per-
formance of this electrode was significantly enhanced com-
pared to that of the state-of-the-art nanocrystalline copper elec-
trodes, and this enhancement was attributed to a defect-rich
porous structure as well as favorable mass transport
conditions.

Recently, Jiao and coworkers reported a nanoporous Ag (np-
Ag) electrode that was able to reduce CO, into CO with a FE of
92% at a moderate overpotential of 0.49 V (Fig. 11a-c).'®® The
high activity was ascribed to a large electrochemical surface
area (approximately 150 times larger) and intrinsically high
activity (approximately 20 times higher) compared with poly-
crystalline Ag. The authors suspected that the intrinsically
higher activity was due to the greater stabilization of the CO,™™
intermediate on the highly Ag curved surface, resulting in
smaller overpotentials being needed to overcome the thermo-
dynamic barrier. Their follow-up experimental and theoretical
works suggested that the kinetic rate-limiting step on this np-
Ag electrode was likely to be protonation of the adsorbed
*COOH."

Taking advantage of the different transport characteristics
of the competing HER and ECR in a weakly buffered medium,
it is possible to enhance selectivity towards the ECR by inhibit-
ing the HER. To probe this, Surendranath et al.'®* investigated
the effect of an Au inverse opal (Au-IO) film of varying thick-
ness on the selectivity of the ECR in CO,-saturated HCO;~
media. It was found that the specific activity for the HER
diminished by 10-fold with increasing porous film thickness,
while the CO evolution activity was largely unchanged
(Fig. 11d-f). For electrodes with optimal mesoporosity, 99%
selectivity for CO evolution was obtained at overpotentials as
low as 0.4 V. The authors ascribed the origin of H,-evolution
suppression in Au-IO films to the generation of diffusional gra-
dients within the pores of the mesostructured electrode rather
than to changes in the surface facet or grain size of Au. The
group also applied this strategy to Ag inverse opal (Ag-10) elec-
trodes, showing that a mesostructuring approach could
change CO-evolution selectivity from less than 5% to more
than 80%.'%"

Smith et al.'® studied the effects of Cu NW morphology on
the selectivity of the ECR, and found that local pH modu-
lations caused by the length and density of Cu NWs were the
main reason for the selectivity regulation. Cu NW arrays with
different lengths and densities were prepared by the in situ
electrochemical reduction of CuO NW arrays grown on a Cu
foil substrate (Fig. 12a). It was found that the selectivity for
hydrocarbons (ethylene, n-propanol, ethane, and ethanol) on
Cu NW array electrodes at a fixed potential could be modulated
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by varying the NW length and density (Fig. 12b), which
resulted in different local pH values. Higher local pH near the
surface of longer and denser Cu NW arrays favored the for-
mation of C,H, and alcohols, whereas lower local pH values
near the surface of shorter and sparser arrays favored H, evol-
ution (Fig. 12c). Wang et al.'®' compared two methods to

6248 | Nanoscale, 2018, 10, 6235-6260

reduce the CuO NWs grown by oxidation of a Cu mesh in air:
annealing in the presence of hydrogen or applying a cathodic
electrochemical treatment. Their studies showed that these
two types of NWs exhibited similar overall current densities
but distinctly different selectivities. Compared to polycrystal-
line Cu and Cu NWs reduced by annealing, the Cu NWs gener-
ated by electrochemical reduction demonstrated a significantly
increased selectivity towards CO. In addition to the pH effect,
the authors attributed the enhanced performance to the pres-
ence of a larger proportion of the (100) and (110) facets on the
surface of electrochemically reduced Cu NWs than that on the
annealed Cu NWs.

To study the effects of Cu electrode morphologies on the
selective production of C, products (ethylene or ethane) in the
ECR, Nam et al.'®® prepared Cu mesoporous electrodes with
precisely controlled pore widths and depths by a thermal evap-
oration process on anodized aluminum oxide. Using numeri-
cal simulations of electrohydrodynamics, the authors found
that nanomorphology could change the local pH and flow ve-
locity by confining the chemicals inside the pores, resulting in
prolonged retention time of key intermediates and accelerated
C-C coupling reactions. The magnitudes of the flow velocity
inside the pores were reduced as the pore width decreased or
the pore depth increased, which implied that the CO, conver-
sion inside the narrower and deeper pores would proceed
more readily. Furthermore, because the ionic concentration
inside the narrower pore was hardly affected by vortices, the
ionic species inside narrow pores (30 nm) were more abundant
than those inside the wide pores (300 nm). Hence, the
reagents and reaction intermediates would be trapped more
often and for longer durations inside the narrower pores,
leading to the prolonged retention time, and this increased
the rate of C-C coupling reaction.

This journal is © The Royal Society of Chemistry 2018
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Recently, Sargent’s group reported that nanostructured elec-
trodes could produce high local electric fields that concen-
trated electrolyte cations, which in turn led to a high local con-
centration of CO, close to the electrode surface.'”®'®® They
prepared Au electrodes with the tip radii ranging from large-
diameter particles (radius of curvature of about 140 nm) to
intermediate-diameter rods (radius of curvature of about
60 nm) to high-curvature nanoneedles (radius of curvature of
about 5 nm, Fig. 13a), and evaluated their performance for the
electroreduction of CO, to CO. The results showed that the
partial current density of CO normalized by the electro-
chemical surface area measured at an overpotential of 0.24 V
in a CO,-saturated 0.5 M KHCO; solution on Au needles was
63 times higher than that on rods and 112 times higher than
that on particles, indicating higher intrinsic ECR activities for
Au needles (Fig. 13b). The authors associated this significantly
enhanced performance on Au needles with the high local elec-
tric fields. DFT calculations showed that adsorbed K' ions
could lower the thermodynamic energy barrier for the
reduction of adsorbed CO, into the intermediate *COOH for
all Au crystal facets, and a greater electron density was found
on the carbon of *COOH in the presence of adsorbed K'
(Fig. 13c), suggesting a stronger C-Au bond that could modu-
late the ECR process. Quantitatively mapping the surface
adsorbed K" ion density in the Helmholtz layer of the electrical
double layer directly adjacent to the electrode surface indicated
a 20-fold increased surface-adsorbed K' ion concentration at
the Au needle tip due to the locally-enhanced electrostatic
field (Fig. 13d). In contrast, a six-fold increase in the bulk K"
concentration in the electrolyte only doubled the field-induced
K" ion concentration near the electrode. With concentrated K°,
CO, could be quickly stabilized on the sharp Au tips, where
the ECR mostly occurred. This field-induced reagent concen-
tration (FIRC) strategy could also be applied to other catalysts,
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such as Pd. Besides the FIRC effect, the group also found that
the morphology of nanostructured electrodes enhanced long-
range CO, transport via their influence on gas-evolution.'??
Sharper needle morphologies could nucleate and release
bubbles as small as 20 pm, leading to a four-fold increase in
the limiting current density compared to that found on a NP-
based catalyst.

3.4.2. 2D engineering. As new synthesis methods are devel-
oped, and following the tremendous interest in graphene, 2D
materials including transition metal dichalcogenides (TMDCs,
e.g., MoS, and WSe,), transition metal oxides (e.g., MnO, and
MoO3), graphitic carbon nitride (g-C3;N,), hexagonal boron
nitride (h-BN), transition metal carbides, carbonitrides and
nitrides (MXenes), elemental nanosheets (e.g., phosphorene
and silicene) and MOF nanosheets have emerged as appealing
functional materials for various applications in electronics,
energy and catalysis, due to their unique physical and chemi-
cal properties compared to those of their parent bulk
counterparts.,'?*>1¢

TMDCs, especially MoS,, have been widely employed as cat-
alysts for the HER over the past decade.”’”">'® The activity of
MoS,, especially after nanoengineering of the bulk material,
arises from the active edge sites.>’”**' Recently, DFT calcu-
lations by Norskov et al. suggested that the edge sites of MoS,
and MoSe, were also active for the ECR due to the different
scaling relationship of adsorption energies between key reac-
tion intermediates (*COOH, *CO, and *CHO) on the edges
compared to those seen in bulk transition metals.>** The cal-
culations indicated that the bridging S and Se atoms could
selectively bind the intermediates *COOH and *CHO over *CO,
resulting in deviation from the scaling relationship among the
intermediates and therefore promoting the formation of CO.
Moreover, due to the fact that S edges in MoS, are easily doped
with transition metals, one can finely tune the binding ener-
gies of the intermediates by doping.?*® The authors studied
the activity of the Ni-doped S edge of MoS, for the ECR, and
found that the doped S edge had a moderately higher *CO
binding energy than the undoped one, accelerating the further
reduction of CO into hydrocarbons and/or alcohols. Further
theoretical studies by the same group showed that the devi-
ation from the scaling relationship of Ni-doped MoS, arose
from the doping metal and sulfur binding sites, which have
two different linear scaling relationships.”>* When the stron-
gest binding site for each adsorbate is considered, *CO binds
on the doping metal site while *COOH, *CHO and *COH bind
on the covalent site, sulfur, and the CO* binding energy is sig-
nificantly weaker than those of COOH* or CHO*. This trend
results in an overall deviation from the linear scaling seen on
pure transition-metal surfaces, and thus promotes the further
reduction of *CO into hydrocarbons and/or alcohols.

Experimentally, Salehi-Khojin et al.>*® studied the ECR on
MoS, in a water-ionic liquid (1-ethyl-3-methylimidazolium
tetrafluoroborate, BMIM-BF,) mixture solution, and found that
the layer-stacked bulk MoS, with Mo-terminated edges had an
excellent performance for the reduction of CO, to CO with
superior activity, selectivity and durability compared to that of
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either bulk Ag or Ag NPs under identical conditions (Fig. 14a).
Furthermore, DFT calculations indicated that such a catalytic
performance arose from the Mo-terminated edges of MoS,,
which had a high metallic-like d-electron density, taking part
in the reactions. Based on this understanding, the authors
then synthesized vertically aligned MoS, nanosheets with
more catalytically active Mo atoms on the edges (Fig. 14b). As
expected, a further improvement in the CO, reduction current
density was observed on this catalyst (Fig. 14c).

Following this work, the same group further prepared a
series of nanostructured TMDCs, including MoS,, WS,,
MosSe,, and WSe, nanoflakes (NFs), and evaluated their cata-
lytic properties toward the ECR in a water-ionic liquid
mixture (1:1 by volume) solution.?** Among these NFs, WSe,
exhibited the best ECR performance for the formation of CO
(Fig. 14d-f), which was explained by both experimental and
theoretical approaches. The lowest work function suggested
the superior electronic properties of W edge atoms in WSe,,
resulting in faster electron transfer and consequently higher
catalytic activity during the ECR. Using DFT calculations, the
authors found that the formation of the intermediate *COOH
was exergonic because of strong binding to the TMDC metal
edge sites and that the d-band centers of these metal edges
were much closer to the Fermi level than those of the Ag(111)
surface, also supporting the strong binding of the adsorbed
intermediates to the metal edges in TMDCs. They also
pointed out the important role of the ionic liquid, which
could help transport CO, to the catalyst surface by complexa-
tion under acidic conditions and increase the local CO,
concentration.
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Given that the d-band electronic structure plays an impor-
tant role in the enhancement of the ECR, as evidenced above,
Xie’s group synthesized a MoSeS alloy monolayer catalyst with
shortened Mo-S and lengthened Mo-Se bonds to tailor the
electronic structure of the Mo atoms.?*” DFT calculations illus-
trated an increased density of states near the conduction band
edge of MoSeS; this resulted in a faster electron transfer, as
confirmed experimentally by a lower work function and a
smaller charge-transfer resistance. The calculations also
showed the off-center charge around Mo atoms, which not
only stabilized the COOH* intermediate but also facilitated the
rate-limiting *CO desorption step. As a result, MoSeS alloy
monolayers delivered a higher selectivity towards CO than
either MoS, or MoSe, monolayers.

Recently, Xie’s group identified that, by engineering Coz;0,4
to few-layer Co;0, nanosheets®* or partially oxidized 2D Co
nanosheets (Fig. 15a-e),>*® the ECR-inactive cobalt-based
material could be transformed into an electrocatalyst with
superior activity and selectivity for the reduction of CO, into
formate (Fig. 15f). The onset overpotential was only 0.07 V,
comparable to that achieved with precious Pd NPs on a carbon
support. The partially oxidized 2D Co nanosheets could
achieve a very high FE of 90.1% for formate generation at an
overpotential of only 0.24 V with negligible current density and
FE losses over 40 hours. The authors suggested that the
increase in surface area and the change in oxidation state
synergistically contributed to the adsorption of CO, to the
surface of the catalyst, which was evidenced by a Tafel slope
close to 59 mV dec™'. Their further studies showed that the
oxygen vacancies played an important role in tuning the
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Fig. 14 (a) CV curves for bulk MoS,, Ag NPs and bulk Ag in CO,-saturated 96 mol% water and 4 mol% BMIM-BF, solution. (b) STEM images of verti-
cally aligned MoS, (VA MoS,), scale bar: 20 nm. The inset is an enlarged image, scale bar: 5 nm. (c) CO, reduction performance of bulk MoS, and VA
MoS,. Reproduced with permission from ref. 225. Copyright 2014, Nature Publishing Group. (d) CV curves for WSe, NFs, bulk MoS,, Ag NPs and bulk
Ag in CO,-saturated water + BMIM-BF, (1: 1 by volume) solution. The inset shows the current densities at low overpotentials. (e) FEs of CO and H, at
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activity and selectivity for the ECR on these 2D cobalt oxide
based materials (Fig. 15¢).>*° DFT calculations demonstrated
that the presence of oxygen vacancies lowered the rate-limiting
activation barrier via stabilizing the CO, ™ intermediate, con-
firmed by the lowered onset potential and decreased Tafel
slope.

Our group has recently reported the production of 2D “few-
layer” antimony nanosheets (SbNSs) by a cathodic exfoliation
method (Fig. 16a).*! The application of such exfoliation turns
Sb, an inactive material for CO, reduction in its bulk form,
into an active 2D electrocatalyst for the reduction of CO, into
formate with high efficiency. The FE for formate reached a
maximum of about 84% at —1.06 V (overpotential of 0.97 V for
formate, Fig. 16b) in 0.5 M NaHCOj; solution. The high activity
was attributed to the exposure of a large number of catalyti-
cally active edge sites. Moreover, this cathodic exfoliation
process can be coupled with the anodic exfoliation of graphite
in a single-compartment cell for in situ production of a few-

This journal is © The Royal Society of Chemistry 2018

layer Sb nanosheet and graphene composite (SbNS-G). This
composite demonstrated a further improvement in the ECR
performance, as evidenced by the highest partial current
density for formate (Fig. 16¢). The observed increased activity
of this composite was attributed to the strong electronic inter-
action between graphene and Sb. A redshift of both E, and A,
peaks was observed in the SbNS-G sample (Fig. 16d) due to the
n-type doping from graphene to the SbNS. The strong elec-
tronic interaction of SbNS with graphene could tune the
adsorption energies of the reactant and/or intermediates on
the SbNS, hence modulating the reaction kinetics of the ECR.
By introducing heteroatoms (e.g., N, P, S, P, B, and F), gra-
phene-based materials have shown considerable catalytic
activities as metal-free electrocatalysts for various energy-con-
version reactions, such as the HER, ORR and OER.'9%?11,2327242
Very recently, heteroatom-doped graphene has been investi-
gated to catalyze the ECR. Ajayan et al.>*° reported a graphene
foam incorporated with nitrogen defects as a metal-free elec-
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ref. 231. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA.

trocatalyst for the reduction of CO, into CO. This material
required an onset overpotential of 0.19 V for CO formation,
and exhibited a lower overpotential of 0.47 V compared to that
of Au and Ag at a similar FE for CO of ~85%. Systematic experi-
ments showed that the catalytic activity was dependent on
N-defect structures; pyridinic-N defects demonstrated the
highest catalytic activity on lowering the free energy barrier to
form the intermediate *COOH, as confirmed by DFT calcu-
lations. Similarly, our group found that pyridinic N was
responsible for such ECR activity on N-doped carbon
materials.>*® Tan et al.*** also utilized the N-doping strategy to
make graphene ECR active, but the major product in their
work was formate, instead of CO. The catalyst exhibits a much
lower overpotential to achieve selectivity towards the pro-
duction of formate, comparable with that of many precious
metal based catalysts. The authors suggested that pyridinic N,
the most common N-doping mode in the catalyst, could gene-
rate significant positive charge in adjacent carbon atoms and
therefore was responsible for the catalytic activity. However,
DFT calculations by Zhao et al. showed that pyrrolic N in
N-doped graphene possessed the highest catalytic activity
toward the ECR among all N defects, despite the similar con-
clusion that N-doping could modify the electronic properties
of graphene and lead to a low free energy barrier for the poten-
tial-limiting *COOH formation step.>*®> Phani and coworkers
studied the electrocatalytic activity of boron-doped graphene
for the electroreduction of CO, into formate.?*® DFT calcu-
lations suggested that the presence of B in graphene resulted
in an asymmetric charge and spin density, and the positive
spin density on B and C atoms enabled both atoms to be cata-
lytically active and available for chemisorption of CO,.

3.4.3. Immobilization of homogeneous catalysts. The
specific interest in “heterogenizing” homogeneous molecular
catalysts by linking them to the surface of an electrode support
lies in the combination of the competing advantages of homo-
geneous catalysts (high product selectivity and chemical struc-
ture tunability) and heterogeneous catalysts (robustness and
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easy separation of products from catalysts).
lized molecular catalysts have several advantages: control over
the active site environment for better performance; prevention
of aggregation or dimerization of the molecular catalyst;
efficient electron transfer to the molecular catalyst; usability of
water-insoluble molecular catalysts in aqueous media once
anchored to the electrodes; and stabilization of the catalyst
and the electrode.***>*" Immobilization of molecular catalysts
onto a conductive material, such as active carbon, graphene,
CNTs or indium tin oxide (ITO), can be accomplished using
either non-covalent (e.g., n—n interaction, electrostatic inter-
action) or covalent approaches. Since the first work reported in
1974 by Meshitsuka et al.,, who utilized Ni- or Co-phthalo-
cyanine dip-coated onto a graphite electrode to catalyze the
ECR,>? different kinds of molecular catalysts have been
employed to link onto various substrates. The two-electron-
transfer products, namely, CO, HCOOH, and oxalic acid
(H,C,0,), are the main products, while reports on products
with more electrons transferred, such as CH;OH and CH,, are
rare.”®

Koper et a reported a Co protoporphyrin immobilized
on a pyrolytic graphite electrode by a simple dip-coating
method which could reduce CO, in an aqueous acidic solution
at relatively low overpotential (0.5 V), with an efficiency and
selectivity comparable to those of the best porphyrin-based
electrocatalyst in the literature. While CO was the main
reduction product, they also observed methane as a by-
product. The major finding in their work is the pH-dependent
formation of CO, which was investigated by combining cyclic
voltammetry with online electrochemical mass spectrometry at
different pH values. This observation suggested the formation
of a CO,”” anion bound to the Co macrocycle, acting as a
Bronsted base. This CO,"~ anion is then protonated by water
rather than by H', explaining why under less acidic conditions
(pH = 3), CO formation can reach up to 60% FE compared to
<1% at pH = 1. Further reduction of CO into CH, was slow
with a low FE of up to 3%, and occurred through concerted
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electron-proton transfer in acidic media, proposed by the
authors.

Wang, Brudvig and coworkers*** reported a molecular Cu-
porphyrin complex deposited on carbon fiber paper as a
heterogeneous electrocatalyst for the active and selective
reduction of CO, into hydrocarbons (CH, and CH,CH,) in
aqueous media. With a mass loading of 0.25 mg em™> and
under an applied potential of —0.976 V vs. RHE, a partial
current density of 21 mA cm > and a FE of 44% for hydro-
carbons were achieved, giving turnover frequencies (TOFs) of
4.3 and 1.8 s* for CH, and CH,CH,, respectively. The catalytic
performance was attributed to the Cu' being the active center
and built-in hydroxyl groups in the porphyrin structure facili-
tating binding of certain reaction intermediates or providing
an intramolecular source of protons. Recently, Wang’s group
reported their work on a cobalt-phthalocyanine (CoPc) uni-
formly anchored on carbon nanotubes (Fig. 17a) to afford
highly active and selective production of CO from CO,
reduction in 0.1 M KHCO; aqueous solution.*®> They found
that hybridization with CNTs improved not only the catalytic
activity but also the product selectivity and catalytic stability
(Fig. 17b). The strong interactions between the molecular
complex and CNTs allowed a uniform distribution of the mole-
cules on the highly conductive carbon support, and thus
enabled a high degree of catalytic site exposure and rapid elec-
tron transfer from the electrode to surface immobilized mole-
cules. They also found that the introduction of cyano groups
into the CoPc molecule could further enhance catalytic per-
formance, which was due to the electron-withdrawing effect,
facilitating the formation of active Co' species in the ECR.
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Fig. 17 (a) TEM images of the CoPc/CNT hybrid. The inset shows a
schematic representation of the hybrid. (b) FEs for H, and CO of CoPc/
CNT (red) and CoPc (blue) at various potentials. Adapted with per-
mission from ref. 255. Copyright 2017, Nature Publishing Group. (c)
Schematic illustration of the immobilized MTPP molecule on CNTs (M =
Co or Fe—Cl). (d) Proposed mechanism for the ECR catalyzed by CoTPP
under homogeneous and heterogeneous conditions. Adapted with per-
mission from ref. 256. Copyright 2017, Wiley-VCH Verlag GmbH & Co.
KGaA.
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Daasbjerg et al.>*® compared the ECR on cobalt meso-tetra-
phenylporphyrin (CoTPP) under homogeneous (in an organic
medium) and heterogeneous (in an aqueous medium) con-
ditions. In the former case, COTPP performed poorly (low
activity and selectivity at a high overpotential) with Co° as the
active center using DMF as a solvent. In contrast, straight-
forward immobilization of CoTPP onto carbon nanotubes
(Fig. 17c) allowed the catalytic activity of this water insoluble
compound to be investigated in aqueous media. A remarkable
enhancement of the electrocatalytic activities was observed
with Co' being the active center and CO, being selectively
reduced to CO (>90%) at a low overpotential in an aqueous
medium. The authors ascribed this effect to the particular
environment created by the aqueous medium at the catalytic
site of the immobilized catalyst, which could facilitate the
adsorption and further reaction of CO, (Fig. 17d).

4. Summary and outlook

Emissions of CO, from fossil fuel combustion and industrial
processes have been regarded as the dominant cause of the
global warming observed since the mid-20th century.
Electrocatalytic reduction of CO, has attracted intense aca-
demic and industrial interest since it provides an effective
method for the storage of intermittent energy from renewable
sources in the form of chemical energy. The as-produced fuels
can be used directly through a current, well-established distri-
bution infrastructure. The stored energy can be released for
end-use, such as in fuel cells, conventional fuel-burning
engines or other industrial processes. Successful implemen-
tation of electrocatalytic CO, conversion needs catalysts that
are able to catalyze the reaction in an efficient, selective and
durable manner, and ideally in aqueous solution. However,
this is a great challenge, which needs even greater research
effort.

A number of experimental and theoretical reports have
attempted to uncover the catalytic mechanisms and guide the
search for novel catalysts to conquer the problems that most
polycrystalline metal electrodes confront: the large overpoten-
tials that are required to achieve appreciable current densities;
poor product selectivity; and unsatisfactory stability. Recent
progress has shown that nanoengineering may resolve some of
these issues. In this Review, several approaches have been dis-
cussed, including tuning the size and morphology of metallic
NP catalysts, forming nanoalloys with different kinds of parent
metals, tuning the surface chemistry and adsorption pro-
perties of the electrocatalysts, using nanostructured metals
derived from their oxides, exposing active edges site by 2D
engineering of the bulk materials, constructing 3D hierarchical
structures, leveraging catalysts through exploiting the support
effect and heterogenizing molecular catalysts onto support
electrodes. Through these methods, considerable improve-
ments in catalytic performance have been achieved, and repre-
sentative results have been summarized in Table 2.
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Table 2 Representative performances of the ECR using different nanoengineering strategies
Strategy Material Electrolyte Major product®  FE” (%)  7°(V)  Ref.
Nanosize Au nanocluster 0.1 M KHCO; CcO ~100 0.89 90
Au NPs (8 nm) 0.5 M KHCO; CO 90 0.56 80
Cu NPs 0.1 M KCIO, C,H, 36 1.16 61
Cu foil 0.1 M KHCO; CH, 57 1.27 81
Nanomorphology Au NWs (500 nm) 0.5 M KHCO; CcO 94 0.24 97
Triangular silver nanoplates 0.1 M KHCO; CO 96.8 0.746 98
Cu nanocubes 0.1 M KHCO; C,H, 41 1.16 99
Branched Pd NPs 0.5 M KHCO; HCOO™ 97 0.2 100
Nanoalloys Core/shell Cu/SnO, 0.5 M KHCO; HCOO™ 93 0.55 120
Au-Cu alloy 0.1 M KHCO; CO 64.7 0.61 109
Phase-separated Cu-Pd 1 M KOH¢ C,H,, C,H5;0H 63% — 111
Oxide derivation Oxide-derived Au 0.5 M NaHCO; CO 96 0.24 123
Oxide-derived Cu 0.5 M NaHCO; CO ~40 0.39 122
Oxide-derived Cu NWs 0.1 M KHCO; CO ~50 0.49 130
Surface modification PEI-NCNTSs 0.1 M KHCO; HCOO™ 87 1.14 153
rGO-PEI-MoS, 0.5 M NaHCO3; CO 85.1 0.54 156
Cysteamine anchoring Ag NPs 0.5 M KHCO; CO 84.4 0.64 87
Carbene-functionalized Au NPs 0.1 M KHCO; CO 83 0.46 160
Support effect Ag/TiO, 1 M KOH co >95 — 170
Au NP-CeO, 0.1 M KHCO; CO 89.1 0.78 171
Au NP embedded in graphene 0.5 M KHCO;3 CO 92 0.55 172
3D structure Porous Ag foam 0.5 M NaHCO; CO 92 0.49 189
Au inverse opal film 0.1 M KHCO; Co 99 0.4 182
Cu NW 0.1 M KHCO, C,H, 17.4 1.16 183
Au needles 0.5 M KHCO; CO >95 0.24 180
2D engineering MoS, H,0/BMIM-BF, CO 98 0.65 225
Partially oxidized 2D Co 0.1 M Na,SO, HCOO™ 90.1 0.24 228
Sb NS/graphene 0.5 M NaHCO; HCOO™ 88.5 0.87 231
N-Doped graphene 0.1 M KHCO; CO ~85 0.47 239
“Heterogenizing” homogeneous catalysts Cu-Porphyrin on carbon fiber 0.5 M KHCO;3 CH, ~30 1.15 254
CoTPP on carbon nanotubes 0.5 M KHCO; CcO 91 0.55 256

“ product of research interest in the reference. > Maximum FE of the product. ° Overpotential that achieved the maximum FE. ¢ Using a flow cell.

Despite the significant effort made over the past five years,
it still seems quite challenging to efficiently reduce CO, to pro-
ducts one could design and predict, especially those with more
than two electrons transferred. In fact, the present develop-
ment in the ECR is far below the requirements for commercial
applications. Great effort is needed in the further development
of this area, along several major directions.

The development of catalysts that could convert CO, to
value added fuels and chemicals in a selective and energy
efficient manner is needed. Most of the currently developed
catalysts can only reduce CO, to the two-electron-transfer pro-
ducts, ie., oxalic acid, CO and formate. Although Cu is able to
produce hydrocarbons and alcohols at appreciable rates, the
selectivity is far from satisfactory. Novel catalysts capable of
generating other high-value chemicals such as methanol from
CO, in a highly selective and efficient way will certainly open
up new opportunities.”>”">>° For this, the deviation of binding
energies of different intermediates (e.g.,, *COOH, *CO, and
*CHO) from the “linear relationship” is critical as suggested by
DFT calculations. Some nanoengineering strategies have been
proposed. For example, as highlighted above, Neorskov et al.
have found that, on the edge of Ni-doped MoS,, *CO bound on
the doped metal site whilst *COOH and *CHO bound on the
covalent S site, leading to the deviation from the scaling
relationship and hence promoting the possible reduction of

6254 | Nanoscale, 2018, 10, 6235-6260

*CO into hydrocarbons or alcohols.””* Through DFT calcu-
lation screening, Jung et al.>*® identified the W/Au alloy with a
single layer of Au on top of the W substrate as a promising can-
didate to electroreduce CO, to methanol with lower overpoten-
tial and higher selectivity than conventional Cu, while suppres-
sing the unwanted HER. Further experimental effort for verify-
ing and exploiting these theoretical predictions are worth-
while. By introducing a suitable amount of Zn dopant into Cu-
based oxides, the selectivity of CO, reduction toward ethanol
could be tuned using this oxide-derived catalyst in aqueous
media.>®" In operando Raman spectroscopy revealed that this
Zn doped Cu-based oxide catalyst was reduced to the metallic
state during catalytic turnovers and the reduction of CO, was
likely to take place on metallic sites rather than on metal
oxides. The author rationalized the observed selectivity to a
two-site mechanism: Zn could catalyze the reduction of CO,
into CO, which was further reduced to ethanol on the Cu site.
Further investigations using these nanoengineering strategies
are reasonably expected to bring about new findings in the
production of high value chemicals from the ECR.

A better understanding of the mechanism and structure—
property correlation by combining theory and experiment
approaches is also needed. Despite the sustained progress
made in the development of ECR catalysts, it is still not clear
how CO, molecules are reduced on the surface of a catalyst,
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which significantly restricts the further development of this
catalytic reaction. A more rational optimization of the current
catalysts and a further search for new catalysts require an in-
depth understanding of the mechanism and structure-prop-
erty correlations involved. It is expected that experimental
in situ techniques in tandem with theoretical modeling will
play an increasingly important role in the coming years as a
more effective and powerful approach to the rational design of
catalysts.'’ A variety of in operando techniques have been
increasingly applied to study the ECR, although they are chal-
lenging to use. For example, the monitoring of surface species
can be achieved by ATR-IR or Raman spectroscopy, as high-
lighted above. The composition and oxidation state of the
surface can be probed by synchrotron-based ambient-pressure
X-ray photoelectron spectroscopy, while the morphology and
crystalline changes can be monitored by in situ environmental
transmission electron microscopy. Due to significant advances
in DFT calculations and continuously expanding compu-
tational resources, it is now possible to investigate electrocata-
lysts at the atomic level by computational methods. DFT calcu-
lations have been identified as a powerful tool to explain
experimental results and predict new catalysts, but most of the
calculations are based on oversimplified models, which
limited the accuracy to some extent. Further development in
optimizing theoretical calculations to take more factors into
account should provide a better and more accurate under-
standing of the catalytic reactions.

Additionally, some other factors influencing the ECR
should be considered to make this technology eventually prac-
tical. For example, the solubility of CO, in water is low, which
will result in a low limiting current density. Therefore, the
design of reactors such as gas-diffusion cells and liquid-flow
cells, or the use of different media, such as solid polymer elec-
trolytes, can be adapted to partly address this issue. Recently,
ionic liquids have also been demonstrated as a promising
avenue for improving the solubility of CO,, as well as offering
special stabilization of the intermediates produced in the
ECR.'#0142:226:262 Other parameters such as CO, pressure, reac-
tion temperature and pH, the species of electrolyte, the mem-
brane of the electrolysis cell and anodic oxidation catalysts will
also need to be considered before this technology is mature
and ready for wide-scale practical applications.
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