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Chapter 11
Nanostructured Catalysts
for the Electrochemical Reduction of CO,

Ming Ma and Wilson A. Smith

Abstract The electrochemical conversion of CO, into carbon-based fuels has
attracted considerable attention as a promising strategy for closing the anthro-
pogenic carbon cycle. A key challenge for achieving this goal is to develop
selective, stable, and efficient electrocatalysts for the electrocatalytic reduction of
CO,. Nanostructured catalysts can provide many advantages compared to bulk
materials, including the increase of active sites, the change of the local pH of the
electrolyte, and improved stability. This chapter reviews the recent development of
nanostructured metal catalysts for the electrocatalytic reduction of CO,, mainly
focusing on the fabrication, characterization, catalytic performance, and the reaction
mechanism of these materials. In addition, the recent utilization of nanostructured
bimetallic catalysts are introduced and a fundamental understanding of the reaction
mechanism for their ability to reduce CO, is discussed. Finally, nanostructured
carbon is shortly reviewed due to its low cost and improved catalytic activity and
stability for the electroreduction of CO,.
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11.1 Introduction

11.1.1 Background

The global atmospheric concentration of carbon dioxide (CO,) has increased dra-
matically due to human activity, particularly after the industrial revolution. The
accumulation of CO, (greenhouse gas) in the atmosphere is a serious environmental
threat and a leading cause of global climate change [1, 2]. The increased global
mean temperature may trigger the rise of sea level and the frequency and intensity
of extreme weather events. In addition, the increase of the global CO, concentration
has resulted in an increased ocean acidification, leading to the demise of many
natural habitats and aquatic species [3, 4]. The oceans are a principal sink for
dissolving the anthropogenic CO, where it is estimated to have caused a rise of
30% in the concentration of H* in the ocean surface waters since the early 1900s,
which may adversely affect many marine ecosystems in the near future [4].

For mitigating the atmospheric CO, concentration, carbon capture and sequestra-
tion (CCS) at large emission sources such as industrial power plants has been pro-
posed. However, there are some unknown ecological and environmental impacts and
risks associated with the sequestration methods including geological and deep sea
storage. Thus, carbon capture and utilization (CCU) could be a feasible strategy. For
the utilization of the captured CO,, the electrochemical reduction of CO, to fuels and
value-added chemicals at mild conditions has attracted considerable attention as a
promising solution [5-10]. In this process, the captured CO, could be utilized as a
chemical feedstock and converted into carbon monoxide (CO), methane (CHj,),
ethylene (C,H,), and even liquid products such as formic acid (HCOOH), methanol
(CH30H) and ethanol (C,HsOH) [9-11]. The high energy density hydrocarbons can
be directly and conveniently utilized as fuels within the current energy infrastructure.
In addition, the production of CO is very interesting since it can be used as a reagent in
the Fischer—Tropsch process, a well-developed technology that has been widely used
in industry to convert syngas (CO and hydrogen (H,)) into valuable chemicals such as
methanol and synthetic fuels (such as diesel fuel) [5, 6].

In order to avoid extra CO, emission, the electrochemical reduction of CO,
should be powered by electricity from renewable energy sources such as solar
energy, hydropower and wind energy [6, 9]. In this way, the anthropogenic carbon
cycle can be closed by the conversion of CO, into fuels and useful products
(Fig. 11.1). A key technological challenge for achieving this goal is to develop
cheap and earth-abundant catalysts that are capable of electrochemically reducing
CO, in cost-effective process with high efficiency, controllable selectivity and
long-term stability [5, 9, 12—14].

Hori and other researchers have investigated the electrocatalytic reduction of
CO, using various metal foil electrodes in CO,-saturated aqueous solutions [8, 9,
15-20]. Recent studies indicate that a nanostructured metal catalyst has a significant
effect on the catalytic selectivity, efficiency and stability in the electrochemical
reduction of CO, [14, 21-24].
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Fig. 11.1 The carbon-neutral fuel production from the electrochemical reduction of CO, coupled

to renewable energy sources such as solar energy, wind energy and hydropower, offers a promising
route to close the anthropogenic carbon cycle

Electroreduction

A review of nanostructured catalysts for the electrocatalytic reduction of CO, is
presented in this chapter, mainly focusing on the fabrication, characterization and
catalytic performance of the nanostructured metal catalysts. In addition, a funda-
mental understanding of the reaction mechanism for the electrochemical CO,
reduction on nanomaterial-based catalysts is also introduced.

11.1.2 Bulk Metal Catalysts for CO, Reduction

In the electrocatalytic CO, reduction process, CO, can be converted into many
different products when combined with water on metal surfaces, and each product is
formed by a different number of electrons at different equilibrium potentials. The
electrochemical reduction of CO, to CO, CH4, C,H,, HCOOH, CH;OH and
C,HsOH with their corresponding equilibrium potentials (with respect to the
reversible hydrogen electrode (RHE)) are given in the following reaction equations:

CO, +H,0+2¢~ — CO+20H™ (—0.11 Vvs.RHE) (11.1)
CO, +H,0+2¢~ — HCOO™ +OH™  (—0.03 V vs. RHE) (11.2)
2C0, 4 8H,0 + 12¢~ — CoHy + 120H™  (0.08 V vs. RHE) (11.3)

(

CO, + 6H,0 + 8¢~ — CH, +80H™  (0.17 V vs. RHE) 11.4)
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CO, + 5H,0 +6¢~ — CH3;0H 4 60H~  (0.03 V vs. RHE) (11.5)
2C0, 4+ 9H,0 + 12¢~ — C,HsOH + 120H~  (0.09 Vvs.RHE)  (11.6)

H, evolution is a competing reaction with CO, reduction in CO,-saturated
electrolytes. Thus, water could be reduced to H, during the CO, reduction
according to the below reaction:

2H,0+2¢" — H,+20H (0 Vvs.RHE) (11.7)

It is important to note two key insights from the aforementioned reaction
equations. Firstly, the thermodynamic potential for each product formation are very
close to that of hydrogen (0 V vs. RHE), which indicates that it theoretically should
not add a substantial amount of extra potential to drive these reactions compared to
simple water reduction. However, it is also important to understand that many of
these reactions require many electron (and proton coupled electron) transfer
steps, as shown by the number of electrons needed to drive each reaction
(Egs. 11.1-11.7). Secondly, the number of electrons required to form certain pro-
duct generally scales with the increased amount of reaction intermediates, and thus
the activation energy for each intermediate needs to be overcome to form the final
product. Therefore, while the overall thermodynamic potential for each product
formation seems to be small and reasonable, the formation of many intermediates
and electron transfer could significantly increase overpotentials, and the overpo-
tential of ~1 V is generally needed to drive each reaction effectively and selec-
tively in many practical cases. The actual required overpotentials for driving the
reduction of CO, are strongly materials dependent.

Hori and coworkers carried out the electrochemical CO, reduction over various
transition metal electrodes (Table 11.1), discovering several metallic electro \cat-
alyst materials with the capability of reducing CO, [8]. It has been demonstrated
that polycrystalline Ag and Zn show relatively high faradaic efficiency (FE) for the
electrocatalytic reduction of CO, to CO, although these occur at high overpoten-
tials. In addition, Au is the most efficient and selective metal surface for the elec-
trocatalytic conversion of CO, into CO at a moderate overpotential, as presented in
Table 11.1. Further reduction of CO to more complex products is rare on Au, Ag
and Zn catalysts due to the weak binding strength of CO with these metallic surface
[11, 25]. However, the strong binding of CO on Ni, Pt and Fe metallic catalysts
limits the desorption of CO, [11, 25] resulting in suppressed CO, reduction with
dominant H, evolution, as shown in Table 11.1. Among the identified transition
metal materials, copper electrodes can uniquely reduce CO, to CHy, C,H4, and
alcohols at significant amounts in CO,-saturated aqueous electrolytes at ambient
pressure and temperature [15, 26].

The synthesis of products from CO, on metal catalysts is a complex multistep
reaction with multiple adsorbed intermediates, most notably adsorbed CO [10, 27,
28]. The reaction mechanisms for the various products are attributed to the
adsorption strength of intermediates (such as CO, COH, CHO and CH3) on the
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Table 11.1 Faradaic efficiencies of products in CO, reduction at various metal electrodes.
Electrolyte: CO,-saturated 0.1 M KHCO3;, T = 18.5 & 0.5 °C. Reprinted with permission from
Ref. [8]

Electrode |V versus SHE | Faradaic efficiency (%)

CH, | C,H, |Ethanol |n-propanol | CO |HCOOH |H, Total
Au -1.14 0 0 0 0 87.1 0.7 10.2 | 98.0
Ag -1.37 0 0 0 0 81.5 |0.8 124 |94.6
Zn —1.54 0 0 0 0 794 |6.1 99 1954
Pd -1.20 29 |0 0 0 28.3 | 2.8 26.2 | 60.2
Ga —1.24 0 0 0 0 232 |0 79.0 |102.0
Pb -1.63 0 0 0 0 0 97.4 5.0 |[102.4
Hg -1.51 0 0 0 0 0 99.5 0 99.5
Tl —1.60 0 0 0 0 0 95.1 6.2 |101.3
In —1.55 0 0 0 0 2.1 949 33 100.3
Sn —1.48 0 0 0 0 7.1 |884 4.6 | 100.1
Cd -1.63 1.3 |0 0 0 13.9 | 784 94 |103.0
Bi -1.56 - - - - - 77 0 -
Cu —1.44 333 |255 |57 3.0 1.3 |94 20.5 |103.5
Ni —1.48 1.8 [0.1 0 0 0 1.4 88.9 1924
Fe -0.91 0 0 0 0 0 0 94.8 | 94.8
Pt -1.07 0 0 0 0 0 0.1 95.7 1958
Ti —1.60 0 0 0 0 0 0 99.7 |99.7

catalyst surface during the electrochemical reduction of CO, [24, 29, 30]. The
catalyst provides the reactive sites, and the product selectivity in the electrocatalytic
reduction of CO, is affected by whether the reactants and other related species are
adsorbed at the active sites.

Because H, evolution is always a competing reaction with CO, reduction in
CO,-saturated electrolytes, H, was also identified and quantified during CO,
reduction electrolysis. Polycrystalline Pt, Ni and Fe, shown in the Table 11.1,
exhibit an extremely high selectivity for H, (water reduction is always a competing
reaction) along with very little catalytic activity for the electrochemical reduction of
CO,. On Pt, Ni and Fe, it is easy for CO, activation and conversion of CO, into
adsorbed CO, but the rate determining step for CO generation is the desorption of
CO due to the strong binding of CO on the catalyst surface [11, 25, 31]. The
coverage of CO adsorbed on polycrystalline Pt, Ni and Fe blocks the reactive sites
for CO, reduction, influencing the catalytic activity for the electrocatalytic reduc-
tion of CO,. Recently, the catalytic activity and selectivity for the electroreduction
of CO, on seven transition metal surfaces (Au, Ag, Zn, Cu, Ni, Pt and Fe) were
further investigated by Jaramillo [9, 32]. Au, Ag and Zn exhibit a high faradaic
efficiency for the reduction of CO, to CO due to the surface of Au, Ag and Zn bind
CO weakly, while Ni, Pt, and Fe with binding CO strongly have a very low
catalytic activity for CO, reduction along with dominant H, evolution. Cu, with a
moderate CO binding energy, uniquely shows a total of 16 different CO, reduction
products [9].
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11.1.3 Nanostructured Metal Catalysts for CO, Reduction

Catalytic behavior is not only strongly materials-dependent, but also extremely
morphology-dependent [33]. The development of nanoscience research provides
the opportunity to synthesize nanocatalysts with controllable size and shape, which
has led to the discovery of the altered or enhanced catalytic activity and selectivity
with the size and shape of nanostructured catalyst. Researchers have demonstrated
that a nanostructured catalyst can exhibit very different behavior compared to its
bulk counterpart. Much work in the field has focused on the elucidation of the
effects of nanostructured catalysts.

Recently nanostructured metallic catalysts have been the object of an increasing
interest for the electrocatalytic reduction of CO,. The main advantage of metallic
nanocatalysts is that nanostructured catalysts are capable of providing more active
sites on the high surface area compared to bulk metal catalysts. The increased active
surface sites on nanocatalysts may cause an enhanced catalytic performance due to
the fact that the catalytic activity is proportional to the number of the active surface
sites [34]. In addition, the morphology of nanostructured surface contains more
low-coordinated sites (such as edge sites and corner sites) that are more active for
CO, reduction in comparison with smooth or planar surface [35]. Furthermore, the
catalytic stability of the electrochemical reduction of CO, has been improved on
nanostructured catalysts, which can be attributed to the enhanced tolerance to heavy
metal impurities in an electrolyte. Hori has demonstrated that unavoidable ppm
concentration of heavy metal impurities (such as Fe or Pb) in the electrolytes can be
reduced and deposited on the cathodic electrode surface, which could poison a flat
catalyst, resulting in a significant influence in the electrocatalytic activity for CO,
reduction [8]. The large surface area of nanostructured electrocatalysts could adapt
the contamination or impurities, having a better catalytic stability [34].

This chapter mainly focuses on the recent development of heterogeneous
nanocatalysts for the electrochemical reduction of CO,, including the fabrication,
characterization, catalytic performance and reaction mechanism of nanostructured
metallic catalysts.

11.2 Nanostructured Metal Catalysts
for CO, Reduction to CO

The selective conversion of CO, into CO is a promising route for clean energy
generation. CO can be used as feedstock in the Fischer—Tropsch process, a
well-developed technology that has been used in industry to produce chemicals
(such as methanol) and synthetic fuels (such as diesel fuel) from syngas (CO + H,)
for many decades [5, 6]. While several electrocatalyst materials (such as Au, Ag
and Zn) are capable of reducing CO, to CO in CO,-saturated aqueous solutions at
ambient temperature and pressure, all suffer from one or more of the following
problems: high overpotential requirement, low current density and rapid
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deactivation of CO, reduction activity in favor of H, evolution [8, 13, 17]. The
main challenge for the electrochemical syngas production is the development of
electrocatalysts that are capable of reducing CO, to CO efficiently and selectively at
low overpotential over a long period of time.

11.2.1 Nanostructured Au

Au is currently the most efficient electrocatalytic surface for the reduction of CO, to
CO (Table 11.1). It has been demonstrated that polycrystalline Au is capable of
reducing CO, to CO with a high faradaic efficiency of ~87% at —0.74 versus RHE
[32]. While the low abundance and high cost of Au may prevent its large-scale
applications, it remains an interesting catalytic material for fundamental investi-
gation due to a high selectivity for CO formation at a relatively low overpotential in
the electroreduction of CO, (Table 11.1).

11.2.1.1 Au Nanoparticles

Min et al. reported the electrocatalytic CO, conversion into CO by nanostructured
gold catalysts deposited on carbon papers by an e-beam evaporator using an Au
pellet (99.99%) source [36]. The morphology of the deposited Au was observed to vary
from the small nanoparticles (NPs) to aggregated clusters to layered film (Fig. 11.2).

IOFX AR,

(LR ) >

Fig. 11.2 TEM images of Au samples, showing the morphology changes with the dependence of
Au coverages which were presented by Au film thickness (increased Au coverages from a to h).
Reprinted with permission from Ref. [36]
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The CO faradaic efficiency and production rate were found to increase with
increasing the Au amount. The FE for CO formation reached the saturation point at
samples thicker than Au-4 (Au-4 represents that Au amount corresponds to 4 nm
thick Au film), which is comparable with a commercial Au foil. In addition, Nam
et al. synthesized a concave rhombic dodecahedron (RD) gold nanoparticle by
using 4-aminothiophenol as an additive and demonstrated that this concave RD had
a superior electrocatalytic performance for reduction CO, to CO in CO,-saturated
aqueous solutions [37]. For instance, concave RD achieved a FE of approximately
52% for CO formation at a potential of —0.26 V versus RHE, which corresponds to
an overpotential of 0.15 V relative to the CO,/CO equilibrium potential (—0.11 V
vs. RHE).

Au clusters have also been explored by the combination of experimental and
computational studies, providing insights into the electronic interactions between
Au,s clusters and weakly bound adsorbates [38]. It was discovered that that the
Au,s clusters could perform as superior catalysts for the electrochemical conversion
of CO; into CO and promote the reduction of CO, to CO within 90 mV of the
formal potential (thermodynamic limit), which represents an approximate 200—
300 mV reduction in potential compared to the larger Au NPs and bulk Au tested.

Recently, Sun et al. reported that the electrocatalytic reduction of CO, on Au
NPs with a series of sizes (4, 6, 8 and 10 nm) in CO,-saturated 0.5 M KHCO5 [39].
The crystallite diameters of 4, 6, 8 and 10 nm NPs were estimated to be 2.0, 2.3, 4.0
and 5.9 nm, respectively. Among 4, 6, 8 and 10 nm Au NPs, the 8 nm NPs
exhibited the highest selectivity for the reduction of CO, to CO (FE = 90% at
—0.67 V vs. RHE). Density functional theory (DFT) calculations on different
crystalline faces suggested that edge sites on Au NPs are active for CO formation
while corner sites favor the competitive H, evolution reaction. To understand the
size-dependent electroreduction of CO, on Au NPs, the correlation of the density of
catalytically active surface sites with the cluster diameter was investigated, as
shown in Fig. 11.3. It was found that more edge sites than corner sites on the
Au NP surface could facilitate the stabilization of COOH' intermediate, resulting in
the improved reduction of CO, to CO with suppressed H, evolution.

11.2.1.2 Au Nanowires

The previous study on monodispersed Au NPs indicated that the edge sites of Au
NPs are favorable for the reduction CO, to CO while corner sites are active for the
H, evolution [39]. Thus, a one-dimensional morphology may offer an abundance of
edge sites which is preferred for the reduction of CO,. Zhu et al. demonstrated
ultrathin Au nanowires (NWs) for the selective electrochemical reduction of CO, to
CO [40]. A facile seed-mediated growth method was developed to fabricate the
ultrathin Au NWs by reducing HAuCl, in the presence of 2 nm nanoparticles.
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Fig. 11.3 Density of 100
adsorption sites (yellow, light
orange, dark orange, or red
symbols for (111), (001),
edge, or corner on-top sites,
respectively) on closed-shell
cuboctahedral Au clusters
versus the cluster diameter.
The weight fraction of Au
bulk atoms is marked with
gray dots. Reprinted with
permission from Ref. [39]
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These Au NWs are capable of catalyzing CO, to form CO with FE of 94% at
—0.35 V versus RHE in CO,-saturated 0.5 M KHCO;. The modeling work
(DFT) revealed that the excellent catalytic performance for the reduction of CO, to
CO on Au NWs is ascribed to a high edge-to-corner ratio in ultrathin Au NWs and
the weak CO binding on these reactive edge sites.

11.2.2 Nanostructured Ag

Metallic Ag has attracted considerable attention due to its relatively low cost
compared to Au, and its high selectivity for the conversion of CO, into CO [8, 11].
As presented in Table 11.1, Ag foils are capable of electrochemically reducing CO,
to CO with a high FE at a relatively smaller overpotential than other metallic
counterparts (except for Au). Recently, Jaramillo investigated the catalytic activity
and selectivity of the electrochemical reduction of CO, as a function of potential on
metallic silver surfaces under ambient conditions [20]. The authors found that the
applied potential can significantly influence the selectivity for the two major
products (CO and H,). Specifically, the optimal selectivity for CO formation on the
polycrystalline silver catalyst was observed at the range from —1.0 to —1.2 'V versus
RHE and hydrogen evolution dominated at very high and low potentials
(Fig. 11.4). By using high sensitivity of the experimental methods for identifying
and quantifying products of CO, reduction, formate, methane, methanol, and
ethanol were observed as minor products (methanol and ethanol formation had
never been reported on Ag before this study).



346 M. Ma and W.A. Smith
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On Ag catalysts, the overpotential (>0.9 V) required for driving the electrocat-
alytic reduction of CO, efficiently and selectively with suppressed H,O reduction
remains relatively high [32]. The large overpotential required for the reduction of
CO, is attributed to the hindrance for the initial electron transfer to a CO, molecule
to form a CO, ™~ or COOH' intermediate [5, 12, 25, 35]. Nanostructured Ag cata-
lysts have been considered to be a promising candidate for the electroreduction of
CO,; to CO. It has been demonstrated that the surface of nanostructured Ag catalysts
offers the low-coordinated surface Ag sites, which is favorable for CO, fixation (to
stabilize the formed COOH' intermediate) through reducing the activation energy
barrier of the initial electron transfer [35].

In addition, Hori et al. has investigated the electroreduction of CO, on single
crystalline silver electrodes, showing that the CO, conversion into CO is favorable
on Ag(110) compared to Ag(111) or Ag(100) [17]. Recently, a DFT simulation
study (Fig. 11.5) exhibited that Ag(110) or Ag(211) surface has a lower free energy
change for the first proton-coupled electron transfer for COOH' stabilization than
Ag(111) or Ag(100), resulting in better catalytic activity for the reduction of CO, to
CO on Ag(110) or Ag(211) [35]. It was believed that stepped Ag(110) or Ag(211)
surfaces are much prevalent on the nanostructured Ag catalysts than that on bulk Ag
electrodes [35].



11 Nanostructured Catalysts for the Electrochemical Reduction of CO, 347

Fig. 11.5 Free energy
diagrams for the
electrochemical reduction of
CO; to CO on flat (Ag(100)

and Ag(111)) and edge (Ag Ag(100) Ag(111) Ag(110 Ag(211)
(221) and Ag(110)) surfaces. —n — — -
The first two steps include a

simultaneous proton/electron
transfer, with the final
molecular surface
configuration at each step
depicted on the bottom of the
graph. Values of AG are
reported with an applied
potential of —0.11 V versus
RHE. Sphere colors: white, H;
black, C; red, O; silver, Ag.
Reprinted with permission
from Ref. [35]
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11.2.2.1 Ag Nanoparticles

Recently Kim et al. have examined silver nanoparticles with different sizes for the
electrocatalytic reduction of CO, in CO,-saturated 0.5 M KHCO;5; [41]. Silver
nanoparticles with three different sizes (3, 5 and 10 nm) were fabricated on carbon
substrates, respectively, by a facile one-pot method using cysteamine as an
anchoring agent. The authors discovered that immobilized Ag nanoparticles sup-
ported on carbon had an increased FE and a lower overpotential for selective
reduction of CO, to CO. Notably, the particle size of 5 nm exhibited the highest
catalytic activity for the selective reduction of CO, to CO. As shown in Fig. 11.6b,
a FE of 84.4% for CO formation and a decrease of the overpotential by 300 mV
were observed on NPs with diameter of 5 nm at —0.75 V versus RHE compared to
polycrystalline Ag foils. The DFT studies suggested that the specific interaction
(Ag-S interaction) between Ag nanoparticles and the anchoring agents modified the
catalyst induces a selectively higher affinity to the COOH' intermediate, which
effectively lowers the overpotential and improves the catalytic activity for the
reduction of CO, to CO. In addition, for identifying the carbon source for the CO,
reduction, a '>CO, isotope experiment was performed, which confirmed that the
carbon source for CO formation was completely derived from the dissolved CO, in
electrolytes, and carbon from carbon support or cysteamine were not involved in
the reduction reaction.

A previous report also evaluated the Ag NP size effect, suggesting that that the
catalytic activity increases with decreasing particle size until a certain particle size
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Fig. 11.6 CO faradaic efficiency a depending on applied potential and b fixed potential at
—0.75 V (vs. RHE). CO, electrochemical reduction was performed in CO,-saturated 0.5 M
KHCOj;. ¢ TEM image and HR-TEM image of 5 nm Ag/C after CO, reduction. Reprinted with
permission from Ref. [41]

of 5 nm, and that the activity decreases with going to even smaller nanoparticle size
(1 nm) [42]. This observation is consistent with the results from Kim (5 nm NPs
offer the maximum catalytic activity for CO, reduction) [41].

11.2.2.2 Nanoporous Ag

Lu et al. reported that a nanoporous Ag catalyst prepared by the de-alloying of an
Ag-Al precursor is capable of reducing CO, electrochemically to CO with a high
FE of >90% at a moderate potential of —0.6 V versus RHE in CO,-saturated 0.5 M
KHCO; [5]. To explore the electrokinetics of CO, reduction, Tafel analysis was
performed on the nanoporous Ag catalysts and the polycrystalline Ag electrode,
respectively.

It is known that a two electron-transfer process is involved in the electrore-
duction of CO, to CO on Ag catalysts. Firstly, one electron is transferred to a CO,
molecule to produce a CO, ™ intermediate, and then one proton is coupled to form a
COOH' intermediate. Subsequently, the COOH' intermediate takes another electron
and one proton, resulting in the CO formation on catalyst surface. The initial
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Fig. 11.7 a A schematic diagram of a nanopore of the silver electrocatalyst with highly curved
internal surface. b Scanning electron micrograph of np-Ag dealloyed in 5 wt% HCI for 15 min
and further in 1 wt% HCI for 30 min (scale bar, 500 nm). ¢ Corresponding high-resolution
transmission electron micrograph with visible lattice fringes. Inset: the Fourier transform shows
that the np-Ag is composed of an extended crystalline network (scale bar, 2 nm). d Tafel plots of
the partial current density for CO production. Reprinted with permission from Ref. [5]

electron transfer to a CO, molecule is the rate determining step for the overall
process because the first electron transfer requires a much more negative potential
compared to the following steps [5, 12, 25, 35]. A Tafel slope of 132 mV/dec for
polycrystalline Ag shown in Fig. 11.7d indicates the rate determining step is the
initial electron transfer to CO, for the formation of the CO, ™ adsorbed on poly-
crystalline Ag. In contrast, the nanoporous Ag with a Tafel slope of 58 mV/dec
reveals a fast initial electron-transfer step, suggesting that a better stabilization for
CO;, ™ intermediate on nanoporous-Ag in comparison to the polycrystalline Ag.
This study directly shows a clear advantage of CO, reduction catalysis on nanos-
tructured electrodes.

11.2.3 Nanostructured Zn

Zn is an earth-abundant material, which is roughly 3 orders of magnitude more
abundant in the Earth’s crust than Ag. Hori et al. reported that polycrystalline Zn
electrodes are capable of catalytically reducing CO, to CO with a FE of 79.4% [8].
However, the Zn electrodes require a relatively higher overpotential for driving
CO, reduction selectively compared to Au and Ag (Table 11.1).

Nanostructured Zn dendrite electrodes were synthesized on Zn foil electrodes
using an electrochemical Zn deposition [43]. As shown in Fig. 11.8a, the scanning
electron microscope (SEM) images reveal that the dendrite layer was about
50-100 pm thick and uniformly deposited on Zn foils. The X-ray diffraction
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Fig. 11.8 a Typical SEM image for a Zn dendrite catalyst. b PXRD patterns of bulk and dendritic
Zn electrodes. ¢ CO faradaic efficiency for bulk and dendritic Zn electrocatalysts. Reprinted with
permission from Ref. [43]

(XRD) patterns in Fig. 11.8b show that all the diffraction peaks of the nanostruc-
tured Zn dendrite and the Zn bulk foil are aligned precisely, indicating a pure
metallic Zn. This nanostructured Zn dendrite catalyst was able to electrochemically
reduce CO, to CO in an aqueous bicarbonate electrolyte, with a CO faradaic
efficiency of around 3-fold higher than that of bulk Zn counterparts, as displayed in
Fig. 11.8c.

11.2.4 Nanostructured Pd

Bao et al. investigated a particle size dependence for the electrocatalytic reduction
of CO, on Pd NPs with the size range from 2.4 to 10.3 nm [44]. The authors
discovered that an increase in the selectivity for CO production with reducing the
size of Pd NPs, which varies from the FE of 5.8% on 10.3 nm Pd NPs to that of
91.2% on 3.7 nm NPs at —0.89 V versus RHE. DFT calculations suggested that
corner and edge sites on small Pd NPs facilitate the adsorption of CO, and the
stabilization of COOH' intermediates during CO, reduction compared with terrace
one on large Pd NPs.

11.2.5 Metal Organic Frameworks

Metal Organic Frameworks (MOFs) have backbones constructed from metals and
organic ligands, which are structured and porous materials with nano-scale pores
for heterogeneous and homogeneous catalysis [45, 46]. Fe-based MOF catalysts
have been recently used for the electrochemical reduction of CO, to CO (faradaic
efficiencies are 41 £ 8 and 60 + 4% for CO and H,) [47]. The well-defined
nanoscale porosity of the MOF facilitates access of the solvent, reactant, and
electrolyte to the surface of catalytically active sites.
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Fig. 11.9 Stability of the MOF catalyst is evaluated through chronoamperometric measurements
in combination with faradaic efficiency measurements (a). XRD analysis indicates that the MOF
retains its crystalline structure after chronoamperometric measurement (b). SEM images of the
MOF catalyst film before (c¢) and after electrolysis (d) reveal the retention of the platelike
morphology. Reprinted with permission from Ref. [46]

Yang et al. reported an efficient and selective nano-scale MOFs catalyst for the
electrochemical generation of CO from CO, in CO,-saturated aqueous bicarbonate
solutions [46]. A cobalt—porphyrin MOF, Al,(OH),TCPP-Co (TCPP-H2 =
4,4’ 4" A"-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate) exhibited a FE of exceeding
76% for CO formation at —0.7 V versus RHE and a stable current of MOF catalysts
was observed after initial electrolysis, as presented in Fig. 11.9a. The crystallinity
of the MOF catalyst was still maintained after CO, reduction electrolysis
(Fig. 11.9b) and the SEM images show that the retention of the platelike mor-
phology after CO, reduction (Fig. 11.9¢, d).

11.3 Nanostructured Metal Catalysts for CO, Reduction
to Hydrocarbons

The conversion of CO, and H,O into hydrocarbons on electrocatalysts has attracted
considerable attention [9, 13, 14, 21]. The main advantages of directly forming
hydrocarbons are their high energy density and the ease of utilization as fuels in our
existing energy infrastructure. However, a major challenge of this goal is to develop
electrocatalysts that are capable of reducing CO, efficiently and selectively at low
potentials. Hori and his coworkers carried out CO, reduction over various metal
electrodes (Table 11.1), and it was demonstrated that many electrocatalyst materials
such as polycrystalline Cu, Au, Ag and Zn show high faradaic efficiency for the
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electrochemical reduction of CO,, although these occur at very high overpotentials
[8]. It was found that copper electrodes can uniquely reduce CO, to significant
amounts of CHy, C,Hy, and alcohols in aqueous electrolytes at ambient pressure
and temperature [8, 15, 26]. One main reason for this unique catalytic activity of
copper is attributed to the appropriate binding strength of intermediates (such as
CO, COH, CHO and CHs,) on the copper surface during the electrochemical
reduction of CO, [24, 29, 30].

Recently, Jaramillo et al. [9] reported new insights into the electrocatalytic
reduction of CO, on metallic Cu surface, finding as many as 16 different products
from the electroreduction of CO, (five of them have never been reported previ-
ously). At low negative potential of >—0.75 V versus RHE, only H,, CO and
HCOOH were detected on Cu. At —0.75 V versus RHE, C,H, and CH, formation
started to be observed. In addition, other C, and C; products were initially
detectable at —0.95 V versus RHE.

Hori et al. [48] investigated the electrochemical reduction of CO, on Cu single
crystal electrodes (100), (110), and (111) in aqueous electrolytes at ambient pres-
sure, showing that C,Hy is favorably produced on Cu(100) and CHy is preferred on
Cu(111). In addition, the similar product selectivity was also observed for the
electroreduction of CO on Cu single crystal electrodes [48, 49], due to the fact that
CO is the intermediate in the reduction of CO, to hydrocarbons [29, 30, 50, 51].
Furthermore, a more detailed study on the effect of Cu crystal faces were carried out
[18, 52].

Until now, copper is the only known material which is capable of catalyzing the
formation of significant amounts of hydrocarbons at high reaction rates in aqueous
solutions at ambient conditions of temperature and pressure [9, 22, 50]. However,
controlling the product selectivity of the CO, reduction effectively at low overpo-
tential with high current density for the formation of hydrocarbons is a major sci-
entific challenge for the practical use of this technology [12-14, 53]. It has been
demonstrated that the surface morphology and roughness of copper electrodes have
a dramatic influence on the catalytic activity and product selectivity for the elec-
trochemical reduction of CO; in an aqueous solution [14, 21-24].

11.3.1 Cu Nanoparticles

Tang et al. reported that Cu nanoparticle covered electrodes exhibited a better
selectivity towards C,H, and CO formation in comparison with an electropolished
Cu electrode and an argon gas sputtered Cu electrode [24]. In that study, the
increased catalytic selectivity for C,H, formation in CO, reduction was explained
by the roughened Cu surface which was able to provide a greater abundance of
undercoordinated sites. In addition, Alivisatos et al. has demonstrated that Cu NPs
supported on glassy carbon (n-Cu/C) exhibited a 4-fold higher methanation current
densities compared to the high-purity Cu foil counterpart [54]. A faradaic efficiency
of 80% for CH, was achieved on the n-Cu/C electrocatalysts. The rate-limiting step
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for CH4 on Cu foils is a single electron transfer to CO,, which corresponds to a
Tafel slope of 120 mV/dec. The Tafel slope for CH, is 60 £ 4.2 mV/dec on the
n-Cu/C, which is consistent with the theoretical value of 59 mV/dec, indicating a
one-electron pre-equilibrium step prior to a rate-determining non-electrochemical
step.

Recently, the particle size dependence for the electrochemical reduction of CO,
has been investigated on Cu NPs with the size range from 2 to 15 nm [21]. Cu NPs
exhibited that an increase in the catalytic activity and selectivity for CO and H, with
decreasing Cu particle size, as presented in Fig. 11.10. In addition, catalytic
selectivity for hydrocarbons (CH4 and C,H,) was suppressed on the nanoscale Cu
surface compared to the bulk Cu foil. To gain insight into the Cu particle size effect,
the atomic coordination of model spherical Cu particles from 1 to 18 nm was
utilized, suggesting low-coordinated sites and the strong chemisorption are linked
to the acceleration for H, evolution and the CO, reduction to CO.

11.3.2 Cu Nanowires

Smith et al. reported a new synthesis method to prepare a Cu nanowire catalyst for
the electroreduction of CO, at room temperature and atmospheric pressure [55]. Cu
nanowire array electrodes were synthesized through a two-step synthesis of Cu
(OH), and CuO nanowire arrays on Cu foil substrates and a subsequent electro-
chemical reduction of the CuO nanowire arrays. Cu(OH), nanowire arrays
(Fig. 11.11a) were first synthesized on Cu foils using a simple wet chemical method
[56, 57]. After this step, CuO nanowire arrays were formed by annealing the Cu
(OH), nanowires at 150 °C for 2 h in an air atmosphere [55]. The resulting CuO
nanowire arrays were directly utilized in the electrochemical reduction of CO, in
CO,-saturated 0.1 M KHCOj electrolytes, and were reduced to Cu nanowire during
electrolysis. The CuO-derived Cu nanowire arrays are able to electrochemically
reduce CO, to CO with a FE of ~50% at a moderate overpotential of 490 mV,
which is significantly higher than that of polycrystalline Cu foil catalysts at identical
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Fig. 11.11 SEM images of Cu(OH), nanowires before (a) and after (b) annealing in air at 150 °C
for 2 h, respectively. ¢ Tafel plots of the CO partial current density for polycrystalline Cu and Cu
nanowires. Reprinted with permission from Ref. [55]

conditions. The Tafel slope of ~110 mV/dec for Cu nanowire arrays shown in
Fig. 11.11c indicates a fast initial electron tranfer to CO, for the formation of
adsorbed CO, ™ intermediate. Thus, the improved catalytic selectivity for the
reduction of CO, to CO is ascribed to the enhanced stabilization for the CO, ™
intermediate on the high surface area Cu nanowire arrays.

It was also recently demonstrated that highly dense Cu nanowires for the elec-
trochemical reduction of CO, [58]. CuO nanowires were prepared by the oxidation
of Cu mesh in air and then reduced by annealing in the presence of hydrogen or
applying a cathodic electrochemical potential to produce Cu nanowires. These
nanowires showed the distinct catalytic selectivity for CO, reduction, which is
linked to the different nanoscale crystalline and surface structures. The authors
found that the Cu nanowires fabricated by the electrochemical reduction of CuO
exhibited a FE toward CO as high as ~60% at overpotentials of less than
0.4 V [58].

At more negative potentials, hydrocarbon gas phase products on Cu nanowire
arrays were observed [55]. Smith et al. tuned the selectivity of hydrocarbon
products on Cu nanowire arrays by systematically varying the length and density of
the Cu nanowires which can provide a high local pH within the nanowire arrays
(Fig. 11.12) [59]. With increasing the Cu nanowire length (>2.4 £ 0.56 pm), the
formation of n-propanol was detected along with CO, HCOOH and C,H,. On
longer Cu nanowires (> 7.3 + 1.3 pm), C,Hg formation appeared, accompanying
with the ethanol formation. The formation of C,Hg has never been reported in the
electrocatalytic reduction of CO, on smooth Cu, [8, 9, 11] but was detected on
nanostructured Cu catalysts as a minor product [14, 23, 24]. The authors proposed a
reaction pathway towards C,Hg from the intermediate (CH3;CH,O) in path (ii), as
shown in Scheme 11.1 (a route to C,Hg had never been reported before this study).
Furthermore, an increased selectivity for C,H, was observed on Cu nanowire arrays
with increasing the Cu nanowire length and density (Fig. 11.12a), which is due to
the improved formation of C,H, through a CO coupling mechanism caused by a
high local pH within the Cu nanowire arrays.
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electrolytes into Cu nanowire arrays. Reprinted with permission from Ref. [59]
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11.3.3 Cu Nanofoam

Sen et al. investigated the electrochemical reduction of CO, over copper foams with
hierarchical porosity [23]. Three-dimensional foams of copper were electrode-
posited onto mechanically polished copper substrates. SEM images of copper foams
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Fig. 11.13 SEM images of electrodeposited copper foams on a copper substrate for a 10 s;
b 15 s; ¢ 30 s. Reprinted with permission from Ref. [23]

prepared at different amounts of electrodeposition time are shown in Fig. 11.13.
The electrocatalytic studies exhibited that the copper nanofoams are capable of
reducing CO, to HCOOH, H,, and CO as major products along with small amounts
of C,H,, C,Hg, CHy, and C3Hg, which indicates a distinct product distribution
(ethane and propylene were not observed on smooth copper) in comparison with
that on smooth copper. The authors believed that these differences for the CO,
reduction performance are attributed to high surface roughness, hierarchical
porosity, and confinement of reactive species. In addition, it was observed that a
gradual increase in the thickness the copper nanofoams with increasing electrode-
position time enhanced the FE of HCOOH formation by suppressing the electro-
chemical reduction of adsorbed H' to H,.

11.4 Oxide-Derived Metallic Nanocatalysts
for CO, Reduction

While the reported metallic catalysts (Table 11.1) are competent for the electro-
catalytic reduction of CO,, all have one or more following drawbacks: (1) high
overpotential requirement for driving the CO, reduction. (2) poor catalytic selec-
tivity, and (3) fast deactivation of electroreduction CO, process with favorable
competing H, evolution. In order to improve the CO, reduction performance, an
interesting way of preparing catalysts through the electrochemical reduction of
metal oxides was recently proposed. In the process, the bulk metal is firstly oxi-
dized, and then the metal oxide layer is directly utilized in the electrochemical CO,
reduction in CO,-saturated electrolytes, reducing to metallic nanocatalysts during
electrolysis. The recent development and progress of these oxide-derived
(OD) catalysts are discussed in the following section.
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11.4.1 Oxide-Derived Cu

Kanan et al. demonstrated the electrochemical reduction of CO, on a metallic Cu
catalyst resulting from the reduction of thick Cu,0O films prepared by annealing Cu
foil in air [14]. This sample formed by the electroreduction of a Cu,O layer during
the CO, reduction electrolysis was analyzed by XRD and XPS, indicating the
complete reduction of the copper oxide layer. By systematically varying the original
annealing temperature and time, it was found that annealing the Cu foil in air at
500 °C for 12 h results in a thick Cu,O layer, which then forms a nanostructured
Cu (OD-Cu) during electrocatalysis that are able to produce CO with ~40% FE
and HCCOH with ~33% FE at —0.5 V versus RHE (Fig. 11.14a, b). Notably, the
selectivity for CO (~40% FE) was maintained during the whole electrolysis of 7 h,
revealing a dramatically improved catalytic stability for CO, reduction on OD-Cu.
As shown in Fig. 11.14b, the OD-Cu exhibited a high FE for CO, reduction at
much lower overpotential in comparison with the bulk Cu electrodes. The Tafel
slope of ~116 mV/dec for OD-Cu in the low overpotential range (Fig. 11.14c)
indicates the Cu formed by the electrochemical reduction of Cu,O during elec-
trolysis is in favor of the formation of CO, ™ intermediate, resulting in the improved
catalytic activity for CO, reduction.

Furthermore, Kas et al. investigated the electrocatalytic CO, reduction on copper
nanoparticles derived from different orientation of electrodeposited Cu,O ([110]
[111]{100]) [22]. The authors reported that the initial crystal orientation of Cu,O
had a minor effect on the catalytic selectivity for CO, reduction. However, it was
found that the thickness of the initial Cu,O layer strongly influenced the product
selectivity, which is consistent with the previous study on OD-Cu [14].

The electrochemical reduction of CO, into fuels such as hydrocarbons on Cu
catalysts is a complex multistep reaction with adsorbed intermediates, most notably
adsorbed CO. Thus, CO reduction activity was investigated on OD-Cu, producing
liquid products (ethanol, acetate and n-propanol) with nearly 50% FE at moderate
potentials [53]. In order to correlate a particular structural feature of oxide-derived
Cu with the catalytic activity, the authors proposed that the Cu catalysts
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Fig. 11.14 a SEM image of OD-Cu. b Faradaic efficiencies for CO and HCOOH versus potential.
And ¢ CO partial current density Tafel plots for polycrystalline Cu and Cu annealed at 500 °C for
12 h. Reprinted with permission from Ref. [14]
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electrochemically reduced from copper oxide may obtain a high density of grain
boundary surfaces, likely resulting in a highly active sites for CO, reduction [53].
A temperature-programmed desorption (TPD) of CO was utilized to probe the
surface chemistry of OD-Cu, revealing a high CO reduction activity on OD-Cu is
linked to the active sites that bond CO more strongly in comparison with low-index
and stepped Cu facets [60]. It was proposed that the strong binding sites with CO
are supported by grain boundaries on the OD-Cu, which are only accessible in this
nanostructured platform.

11.4.2 Oxide-Derived Au

It was reported that Au was the most efficient metal catalyst for CO, reduction,
exhibiting the best catalytic selectivity and activity for the electrocatalytic reduction
of CO, to CO among the identified bulk metals, as shown in Table 11.1. The
Cu NP films prepared by the electrochemical reduction of thick Cu,O layers
exhibited a dramatically improved catalytic activity for the electroreduction of CO,
to CO at lower overpotential with high resistance to deactivation, compared to Cu
foils. Similar to this OD-Cu, OD-Au nanocatalysts were also studied for CO,
reduction [13]. Initially, the Au oxide layers were prepared on Au foil electrodes by
applying periodic square-wave pulsed potentials in 0.5 M H,SO,. After the pulsed
anodization on Au, the Au oxide layers were synthesized on Au foils.

The Au oxide layers on Au foils were directly utilized for CO, reduction in CO,-
saturated electrolytes and were electrochemically reduced to metallic Au at the
beginning of electrolysis (Fig. 11.15a shows the SEM images of the oxide-derived
Au). The significant distinct CO, reduction activity for OD-Au and polycrystalline
Au were observed at low overpotentials, as shown in Fig. 11.15b. At a low over-
potential of 0.24 V, the FE for CO formation on the OD-Au was maintained at
~96% over the course of an 8 h electrolysis experiment. Furthermore, the Tafel
slope of 114 mV/dec (Fig. 11.15b) on polycrystalline Au indicates the rate deter-
mining step is the initial electron transfer to form an adsorbed CO, ™ intermediate
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Fig. 11.15 a SEM image of oxide-derived Au NPs. b Faradaic efficiencies for CO and HCOOH,
and ¢ Tafel plots of CO partial current density of oxide-derived Au NPs and polycrystalline Au.
Reprinted with permission from Ref. [13]
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Scheme 11.2 Proposed mechanisms for CO, reduction to CO on polycrystalline Au and
Oxide-Derived Au. Reprinted with permission from Ref. [13]

(Scheme 11.2). The poor stabilization of CO, ™ intermediate is correlated with the
high overpotential required on polycrystalline Au. In contrast, the active sites on
OD-Au nanocatalysts offer the fast initial electron transfer (low Tafel slope in
Fig. 11.15b), which results in the dramatically enhanced stabilization of CO, ™
intermediate. The HCO3;~ concentration dependence studies on OD-Au showed an
increase in the CO partial current density with gradually increasing the NaHCO5
concentration, implying that the first proton donation from HCO;™ is rate deter-
mining step on OD-Au (Scheme 11.2). Furthermore, a study on grain boundary
effect showed that the catalytic activity for the electroreduction of CO, is linearly
correlated with the grain boundary density on Au NPs and the high density of grain
boundaries on OD-Au was thought to be linked to its enhanced catalytic perfor-
mance [61].

11.4.3 Oxide-Derived Pb

Nanocrystalline Pb prepared by the electroreduction of PbO, exhibited a 700-fold
lower H, selectivity compared to polycrystalline Pb, with maintaining the catalytic
activity for CO, reduction [62]. OD-Pb showed a nearly 100% FE for HCOOH
formation at the potential range from —1.0 to —0.75 V versus RHE in CO,-saturated
electrolytes, which is much better than the polycrystalline Pb (FF for HCOOH was
30% at —0.8 V vs. RHE). Notably, the high catalytic activity and selectivity for the
electroreduction of CO, to HCOOH was more or less maintained during a pro-
longed electrolysis of 75 h. The dramatically improved CO, reduction performance
on OD-Pb is attributed to its morphology and microstructure [62].
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11.4.4 Oxide-Derived Ag

Recently, a porous-like nanostructured Ag catalyst (Fig. 11.16a, b) was prepared by
electrochemically reducing Ag,O which was synthesized by anodization of a Ag
foil in alkaline solutions [63]. The results of the XRD patterns (Fig. 11.16¢) and the
Ag 3d XPS spectrum analysis (Fig. 11.16d) reveal that the electroreduction of
Ag,0 to metallic Ag was complete within the detection limit of these characteri-
zation techniques. This OD-Ag exhibited an enhanced catalytic activity for the
reduction of CO,, and the high selectivity for CO was shifted by >400 mV towards
a lower overpotential than that of untreated polycrystalline Ag. Notably, the OD-Ag
is able to reduce CO, to CO with ~80% EF at a moderate overpotential of 0.49 V,
which is dramatically higher compared to that (~4%) of untreated polycrystalline
Ag at identical conditions. The dramatically improved catalytic activity and
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Fig. 11.16 a and b SEM images of oxide-derived Ag. ¢ XRD patterns and d XPS spectrum of the
polycrystalline Ag electrode (black line) and Ag oxide electrode before (red line) and after (blue
line) CO, reduction electrolysis, respectively. Reprinted with permission from Ref. [63]
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selectivity for CO, reduction to CO is likely correlated with of the nanostructured
surfaces, resulting in highly active sites for stabilizing COOH' intermediate. In
addition, it was demonstrated that the porous-like nanostructured Ag catalyst is
likely capable of generating a high local pH near the catalyst surface, which may
also play a role in the improved CO, reduction along with suppressed H, evolution.

11.5 Bimetallic Nanocatalysts

Electrode surfaces provide the active sites for CO, reactions, and the reactants and
other related species adsorbed on the electrode play an important role in the product
selectivity of the CO, reduction. CO, can be electrochemically reduced to CO,
HCOOH, and hydrocarbons on metal electrodes in aqueous solution. The inter-
mediates formed on the electrode surface directly affect the product formed in the
final steps of the catalytic reaction. Therefore, it is important to know the binding
energy at the surface of different metals for different reaction intermediates.

Table 11.2 shows a comparison of the binding strength of CO, reduction
intermediate species on FCC (111) single metal electrodes (adapted from Ref. [31]).
The product distribution and selectivity of CO, reduction could be influenced by
whether or not the related intermediates are adsorbed. Alloying an element that that
has high oxygen affinity into a catalyst may allow CHO to bind to the surface
through the carbon and oxygen atoms, thus increasing the stability of CHO, which
may affect the final product distribution and selectivity [30]. Thus, the interaction of
the two different metallic atoms in the bimetallic alloy may significantly influence
the catalytic activity and selectivity of alloy surface.

The electrocatalytic CO, reduction was performed on a nanostructured Cu-Au
alloy prepared through electrochemical deposition with a nanoporous Cu film
(NCF) as template, showing an improved catalytic selectivity for alcohols
(methanol and ethanol) [64]. The authors found that the FE for alcohols was
dependent on the nanostructured morphology and composition of Cu-Au alloys, as
shown in Table 11.3. In addition, the FE of 15.9% for methanol was detected on
Cug3.9Ause /NCF, which is ~ 19 times higher than that of pure Cu.

Yang et al. assembled monodisperse Au-Cu bimetallic NPs (Fig. 11.17a) with
different compositions by implementing the solvent evaporation-mediated
self-assembly approach and then the nanoparticle monolayer was transferred onto

Table 11.2 Comparison of

i, Species on FCC(111) transition metal facets binding
the binding strength on FCC

11 > > 1§ strength
% ) transition meta? facets. *CO Rh >Pd > Ni > Pt > Cu > Au > Ag
eprinted with permission
from Ref. [31] *COH Rh > Pt>Pd > Ni > Cu> Au > Ag
*CHO Rh > Pt > Pd > Ni > Au > Cu > Ag
*OCH; Ni>Rh > Cu> Ag>Pd>Pt> Au
*CH; Pt >Rh > Ni>Pd > Cu> Au > Ag
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Table 11.3 Faradic efficiencies of main liquid products with different electrodes. Reprinted with
permission from Ref. [64]

Electrode Faradaic efficiency (%)
HCOOH Alcohols (methanol and ethanol)
Bulk Cu 11.5 4.8
Nanostrucutred Cu 27.4 9.7
Cugz 9Auszg /NCF 12.6 28
Cuyg 6Ausg 4/NCF 18.1 17.2
Cug; 3Au g 7/NCF 21.2 11.5

Fig. 11.17 a TEM image of AuCu; nanoparticles (scale bar, 100 nm). Average size
11.20 = 1.65 nm. b Schematic showing the proposed mechanism for CO, reduction on the
catalyst surface of Au-Cu bimetallic nanoparticles. Filled circles with grey is C, red is O and white
is H. The relative intermediate binding strength is indicated by the stroke weight (on the fop right
corner). Additional binding between the COOH and the catalyst surface is presented as a dotted
line. Arrows between the adsorbed COOH and adsorbed CO is to show the difference in
probability of having COOH adsorbed on different types of surfaces. Coloured arrows indicate the
pathway to each product: red for CO, blue for formate and green for hydrocarbons. Larger arrows
indicate higher turnover. Reprinted with permission from Ref. [65]

a glassy carbon substrate for the electrochemical reduction of CO, [65]. With
increasing the Cu content, different products were observed and the largest number
in product distribution were found on pure Cu nanoparticles. The authors believed
the degree of stabilization of the intermediates on these nanoparticle surfaces can be
tuned by varying the composition of Au-Cu bimetallic NPs, which results in the
different final products (Fig. 11.17b). Furthermore, the catalytic performance of
these bimetallic catalysts was attributed to two factors: (1) the electronic effect on
the binding strength of intermediates, which is linked to the change of electronic
structure that is tuned with surface composition of the Au-Cu, and (2) the geometric
effect that is correlated with the atomic arrangement at the active site that have a
significant influence on the binding strength of intermediates [66].

The electrochemical CO, reduction was performed on a nanostructured Cu-In
bimetallic alloy prepared by the in-situ electrochemical reduction of Cu,O in InSO,
electrolytes, and it was found that the In incorporation exhibited an enhanced
selectivity for the electroreduction of CO, to CO with high catalytic stability [67].
At potential from —0.3 to —0.7 V versus RHE, CO was generated on Cu-In alloy
catalysts as almost the only products in CO, reduction, and notably a FE of ~90%
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for CO formation was achieved on the alloy catalysts at —0.5 V versus RHE.
A DFT study suggested that the incorporation of In may cause both local electronic
effect and local geometric effect. The presence of In atoms has a significant effect on
the binding energy of the associated intermediates adsorbed on Cu. Furthermore,
the dramatically enhanced FE for the conversion of CO, into CO is also achieved
on nanostructured Cu-Sn bimetallic electrocatalysts at decreased overpotentials
[68].

Recently, a mesoporous nanostructured Pd-Cu bimetallic electrocatalyst was
fabricated by an electrodeposition method for CO, reduction and Pd;-Cuj exhibited
a FE of more than 80% for selective CO formation at —0.8 V versus RHE [69]. The
mesoporous nanostructure has a roughened surface, which could offer more active
sites for the selective reduction of CO, to CO. In addition, first principle calcula-
tions suggested that Pd atoms on the surface of the bimetallic catalysts act as
reactive centers with an increased adsorption ability of CO, and COOH’, and the
presence of Cu could modify the CO desorption ability. The authors believed that
the catalytic activity is ascribed to the change of electronic structure of their
neighboring element and adjustment of atomic arrangement in the active sites.

Koper et al. have used bimetallic Pd-Pt nanoparticles for the electrocatalytic CO,
reduction [70]. They found that Pd-Pt nanoparticles had a low onset potential for
the reduction of CO, to HCOOH, starting at 0 V versus RHE for HCOOH for-
mation, which is close to the theoretical equilibrium potential of producing
HCOOH (Eq. 11.2). In addition, the FE for HCOOH formation was dependent on
the composition of the NPs and a high FE of 88% towards HCOOH formation was
reached on Pd,y-Pt;g at an applied potential of —0.4 V versus RHE.

While the progress on bimetallic catalysts for the electrochemical CO, reduction
performance has been made, the fundamental understanding of the relationship
between the bimetallic catalyst and catalytic activity of CO, reduction is still not
very clear. The further understanding of the correlation of bimetallic catalyst with
catalytic activity of CO, reduction is critical for reasonable designing the
high-performance bimetallic catalysts.

11.6 Nano Carbon Catalysts

Carbon is a remarkable element, which can exist in a variety of stable forms such as
diamond (or diamond-like amorphous film), [71] graphite, fullerenes (Cgp) and
carbon nanotubes (CNTs), [72] as shown in Fig. 11.18. Nanostructured carbon
materials (such as graphene and CNTs) have attracted a great deal of interest in the
past because of their unique structure and interesting electronic, physical and
chemical properties [73]. Recently, nanostructured carbon materials including
graphene, nano-diamond, carbon nanofibers (CNFs) and CNTs have been applied
as the electrodes in the electrocatalytic CO, reduction due to the high catalytic
selectivity, low cost and high stability.
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Fig. 11.19 a SEM image of the CNF mat displaying entangled fibers (scale bar, 5 mm),
b high-resolution SEM image on individual fibers (scale bar, 200 nm). ¢ Current density for CO,
reduction at different (bulk Ag, Ag nanoparticles and CNF) electrodes in pure EMIM-BF4
electrolyte. Reprinted with permission from Ref. [74]

Kumar et al. reported the electrocatalytic CO, reduction on metal-free carbon
nanofibers prepared by pyrolysis of electrospun nanofibre mats of heteroatomic
polyacrylonitrile (PAN) polymer (Fig. 11.19) [74]. It was confirmed that the
presence of nitrogen atoms (defects) in CNFs due to the existence of nitrogen atoms
in the backbone of the precursor (PAN). The catalytic activity of CO, reduction was
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performed in CO,-saturated 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM-BF4) electrolyte due to its high CO, solubility. The CNFs catalyst showed
a very small overpotential of 0.17 V for driving CO, reduction to CO (the CO,/CO
equilibrium potential is —0.11 V vs. RHE) and more than an order of magnitude
higher current density in comparison with the bulk silver catalyst under similar
experimental conditions (Fig. 11.19). Furthermore, a FE of 98% for CO formation
was detected at the potential of —0.57 V versus SHE. The high CO, reduction
performance of CNFs is attributed to its nanofibrillar morphology and rough surface
(due to the fractal-like corrugations on the surface) which offers high number of
active catalytic sites and high binding energies of key intermediates on the CNF
surface.

Nitrogen-doped carbon nanotubes (NCNTs) followed with the adsorption of
Polyethylenimine (PEI) functions as a co-catalyst were synthesized by ammonia
plasma treatment of CNTs on glassy carbon substrates for CO, reduction [75]. The
combination of N-doping of CNTs and PEI exhibited a significant reduction for
overpotential and improved catalytic performance for the selective reduction of CO,
to HCOOH with a high FE (87%) and current density (9.5 mA/cmz) in CO,-saturated
0.1 KHCOj; aqueous solutions. The rate determining step for CO, reduction is the
initial electron transfer to CO, for the CO, ~ intermediate and CO, is adsorbed to the
basic nitrogen binding sites in NCNT for reducing to CO, ™ in the proposed
mechanism. The PEI works as a co-catalyst to improve the stabilization of CO, ™
intermediate by a H-bond interaction, NCNT—N—C(O)O~ - - - H-N—PEL Thus,
the PEI overlayer and N-doping could provide a synergistic effect, creating a local
environment for stabilizing CO, ™ intermediate from CO, with significantly reduced
overpotential.

N incorporated CNT arrays with a total N content of 5 atom% were fabricated by
liquid chemical vapor deposition (CVD) method for CO, reduction, acting as a
highly selective, efficient and stable electrocatalyst for the catalytic reduction of
CO, to CO (Fig. 11.20) [76]. The high selectivity toward the production of CO was
achieved on NCNTs (The FE of ~80% for CO formation), as shown in
Fig. 11.20b. In contrast, pristine CNTs show much high overpotential for CO,
reduction with low catalytic activity and selectivity for the electroreduction of CO,
to CO (Fig. 11.20). The improved catalytic activity for CO, reduction on NCNTs is
attributed high electrical conductivity, pyridinic N defects (preferable catalytic
sites), low free energy for CO, activation and high barrier for hydrogen evolution.
In addition, the reaction mechanism of electroreduction of CO, to CO on the
pristine CNT and NCNT surfaces through the adsorbed intermediates was studied
by DFT calculations, suggesting that the suitable binding energy of the key inter-
mediates enables strong adsorption of COOH and feasible CO desorption that
contributes to the high selectivity toward CO formation (Fig. 11.21).

N-doped three-dimensional (3D) graphene foam (NG) fabricated by CVD has
been used as a electrocatalyst for the electrocatalytic CO, reduction [77]. The
various N-defect structures and content incorporated graphene foams were syn-
thesized by a post growth doping process performed at various temperatures for
CO, reduction (Fig. 11.22). N-doped NG processed at 800 °C (denoted as NG-800)
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exhibited that the selective reduction of CO, to CO started to be observed at
—0.30 V versus RHE with a FE of 25%, which corresponds to an overpotential of
0.19 V for CO production. In addition, the maximum FE for CO production on
NG-800 was reached to be ~ 85% with high stability during the electrolysis of 5 h
at —0.58 V versus RHE, corresponding to an overpotential of 0.47 V. The corre-
lation between catalytic activity and the N-defects along with its corresponding
potential versus concentrations of different N species (Fig. 11.22¢) shows that the
maximum FE for CO formation increases and the corresponding potential shifts
anodically with increasing the pyridinic-N content. These results suggested
pyridinic-N is the most active site for CO, reduction. The high catalytic selectivity
for CO and low overpotential on the NG-800 could be linked to the high
pyridinic-N concentration which acts as the active site for CO, reduction.
N-doped nanodiamond coated on Si rod array has been demonstrated as an
efficient and stable nonmetallic catalyst for the electrocatalytic CO, reduction in
CO,-saturated 0.5 NaHCOj electrolytes [78]. The onset potential for CO, reduction
was found to be —0.36 V versus RHE. The FE for acetate (CH;COOH) formation
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Fig. 11.20 Performance of NCNTs for electrochemical reduction of CO,. a CVs for NCNTs in
Ar- and CO,-saturated 0.1 M KHCO; electrolyte, 50 mVs '. b Dependence of FE of CO on
applied cell potential during electrocatalysis of CO, reduction for both NCNTs and CNTs
catalysts. ¢ Partial current density of CO versus applied cell potential for NCNTs and CNTs
catalysts. d Stability of performance of NCNTs for CO, reduction operated at potentiostatic mode
of —0.8 V for 10 h. Both current density and FE of CO remain steady over the duration of the test.
Reprinted with permission from Ref. [76]
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Fig. 11.21 Calculated free energy diagram for CO; electroreduction to CO on pristine CNTs and
NCNTSs. Reprinted with permission from Ref. [76]
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Fig. 11.22 Comparison of the electrocatalytic activities of nitrogen-doped graphene with doping
temperature ranging from 700 to 1000 °C. a Faradaic efficiency of CO versus potential. b Faradaic
efficiency of HCOO  versus potential. ¢ Maximum faradaic efficiency of CO and its corresponding
potential versus N functionality content. Reprinted with permission from Ref. [77]

(77.3-77.6%) was detected along with HCOOH (13.6-14.6%) at the applied
potentials from —0.55 to —1.3 V versus RHE. It was found that the total FE of
CH;COOH and HCOOH reached 91.8% at —1.0 V versus RHE. The improved
CO, reduction activity was ascribed to N-doped sp® carbon which was highly active
for the electrocatalytic CO, reduction.
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11.7 Summary and Outlook

This chapter provides a review of the development and recent trends on nanos-
tructured catalysts for the electrocatalytic reduction of CO,. Nanostructured Au,
Ag, Zn, Pd, Cu, bimetallic and oxide-derived metal catalysts, and the recent dis-
coveries in the application of metal-free nanostructured carbon for the electrore-
duction of CO, were reviewed.

According to the results discussed in this chapter, nanostructured catalysts are
capable of electrochemically reducing CO, with high selectivity and efficiency. It is
generally accepted that nanostructured metal catalysts could offer an abundance of
edge sites which are active for certain intermediate formation (e.g. COOH),
resulting in the enhanced catalytic CO, reduction performance. In other words, the
nanostructured catalysts could offer low-coordinated surface sites, which may
facilitate the key intermediates formation by reducing the activation barrier of CO,
reduction. Furthermore, the large surface area (roughened surface) provided by
nanostructured catalysts is capable of adapting contamination and enhancing tol-
erance to heavy metal impurities, resulting in a better catalytic stability performance
in CO, reduction on nanostructured catalysts in comparison with bulk catalysts.

The interaction of the two different metallic atoms in the bimetallic alloys may
significantly influence the catalytic activity for the electrocatalytic CO, reduction.
The changed catalytic activity on these bimetallic catalysts could be attributed to:
(1) the electronic effect on the binding strength of intermediates, which is due to
that electronic structure may be tuned by surface composition of two different
metallic elements, (2) the geometric effect that is linked to the atomic arrangement
that plays a significant role in the binding strength of intermediates. Thereby, it is
critical to rationally design a bimetallic catalysts that could facilitate certain inter-
mediate formation, leading to selective CO, reduction.

Nanostructured carbon could be a promising candidate as a metal-free electro-
catalyst due to its low cost and high stability and catalytic activity for CO,
reduction. N defects (or N doping) were generally presented in nanostructured
carbon catalysts with the significantly enhanced catalytic activity and selectivity
because N species were suggested to be the active site for CO, reduction. However,
pristine nanostructured carbon catalysts have poor catalytic activity for CO,
reduction. Different element doping could be designed to improve the catalytic
activity on nanostructured carbon catalysts. We believe that the nanostructured
carbon catalysts are also highly important for CO, reduction due to their high
stability, low cost, earth abundance and comparable catalytic performance with
expensive noble metal catalysts.
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