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Abstract: Electrocatalytic CO, reduction reaction (CO,RR) is one of the most effective methods to
convert CO, into useful fuels. Introducing defects into metal nanostructures can effectively improve
the catalytic activity and selectivity towards CO,RR. This review provides the recent progress on the
use of metal nanomaterials with defects towards electrochemical CO,RR and defects engineering
methods. Accompanying these ideas, we introduce the structure of defects characterized by electron
microscopy techniques as the characterization and analysis of defects are relatively difficult. Subse-
quently, we present the intrinsic mechanism of how the defects affect CO,RR performance. Finally,
to promote a wide and deep study in this field, the perspectives and challenges concerning defects
engineering in metal nanomaterials towards CO,RR are put forward.
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1. Introduction

The fast development of society and industrial activities requires massive primary
energy resources of fossil fuels, leading to the continuously fast increase of CO, emis-
sions [1], accompanied with the severe global climate change and environmental issues.
The effective CO, capture and utilization is very important for a sustainable and clean
development [2-4]. CO; is a thermodynamically stable molecule with the carbon atom
in the fully oxidized state. It takes much energy to break the molecule due to its linear
symmetric feature from containing two equivalent carbon-oxygen double bonds of CO; [5].
The key to activate the conversion of CO, into fuels is to fully make use of the empty orbital
of the CO, molecule to accept electrons and produce reduced carbon species, although it is
a difficult process due to the poor kinetics of CO, reduction and a low desired products
selectivity [6].

So far, conversions based on thermochemical pathway [7], photochemical pathway [8,9],
electrochemical pathway [10], photoelectrochemical pathway [11] and photothermal path-
way [12,13] have been widely developed to convert CO, to valuable fuels and chemicals.
Among them, the electrocatalytic CO, reduction reaction (CO,RR) remains one of the most
effective ways and has especially attracted attention as it has several advantages as follows.
Firstly, the reaction can be conducted at ambient mild conditions without a high tempera-
ture or high pressure. Secondly, the reaction rate could be easily controlled by tuning the
external bias (i.e., overpotential), which indirectly solve the problem of intermittency and
redundancy of electricity generated by wind power and waterpower. Last but not least, the
products could be varied according to the electrodes loaded with different catalysts [10,14].

Metals nanomaterials, especially noble metals nanomaterials, have been widely stud-
ied as electrocatalysts towards many important electroreactions, such as the hydrogen
evolution reaction (HER), oxygen reduction reaction (ORR) and nitrogen reduction reaction
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(NRR), because of their excellent conductivity, high catalytic activity and stability under
electrochemical conditions. For example, Pt-based nanomaterials rank as the state—of-the—
art catalysts in fuel cells [15]. Pd nanomaterials achieve the highest catalytic performance
towards HER [16]. As for CO;RR, Cu catalysts are most studied because they facilitate the
formation of Cy, products, which are the products that contain multiple carbon atoms in
the molecular formula. Nowadays, the Cy, products from CO,RR include C; compounds
of C;Hy, C;Hs0OH, CH3CHO, CH3COOH, HOOCCOOH, and C3 compounds of C3Hg,
C3H;OH and C,H5CHO [17]. Moreover, Pd, Au, Ag, Sn, Bi and their alloys are widely
explored for achieving C; products of CO, CHy, HCOOH, HCHO and CH3OH with high
conversion efficiency and selectivity [18-23].

To obtain a higher activity and a high usage efficiency of metal, great efforts have
been devoted to manipulating the metal nanomaterials, including the morphology, sur-
face, composition and crystal phase. The intrinsic factor could be ascribed to the theories
concerning the optimization of electronic structure to achieve the proper adsorption of
reaction intermediates for the highest activity. With the rapid development of nanomate-
rials synthesis methods and the characterization techniques that deepen into the atomic
level, the defect structures modulation of metal nanomaterials has attracted much attention
and yielded great results. The introduction of defects into nanomaterials, as an effective
strategy to greatly change the surface structure, charge distribution of the catalysts and
expose more catalytic active sites due to the high distortion energy and diverse atomic rear-
rangements, plays a crucial role in improving the activity of catalytic reactions. Nowadays,
the applications of catalysts with rich defects, showing better electrocatalytic performance
than the pristine catalysts, have been summarized in reactions of NRR, ORR, oxygen evo-
lution reaction and HER [24-27]. To make further great progress on CO,RR, a summary
and introduction of the corresponding structure features, synthesis methodology and the
characterization technique are urgently required as well.

This review aims to summarize the defect types in metal nanomaterials, by introduc-
ing structure characterizations of defects by electron microscopy (EM). Moreover, recent
advances in the systematic design and creation of defects in metal nanomaterials with
controllable defects that focus on CO,RR are summarized. Finally, we present some per-
spectives on the design of nanostructured metal electrocatalysts for useful fuels production
by electrochemical CO,RR.

2. Defects in Metal Nanomaterials

Crystals have periodic structures while the appearance of defects means a deviation
from that periodic structure. Depending on the different fields that use defects, the clas-
sification of defects could be in different forms. For example, the defects of crystal can
be classified into four types, zero—dimensional defects (point defects), one—dimensional
defects (line defects, known as dislocation), two—dimensional defects (surface defects) and
three dimensional defects (volume defects), according to their dimensionality [28]. On
the other hand, according to the position of defects in crystals, defects can be classified
into bulk defects and surface defects, which further includes point defect, line defect and
plane defect. According to the generation atoms of defects, defects can be divided into
intrinsic defects and doped defects. Furthermore, different materials have different types
and features of defects, such as metal organic frameworks (MOFs), carbon-based materials,
metal materials and transition metal compounds [29]. Based on the definition and structural
features of metal nanomaterials, the defects in metal nanomaterials are classified into four
distinct types, including point defects, line defects, surface defects and volume defects,
which are displayed in Figure 1.
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Figure 1. Schematic illustration of various defects in metal nanomaterials. (a) Point defects, (b) line
defects, (c) surface defects and (d) volume defects.

2.1. Point Defects

The point defects are related to the loss, replacement of a normal atomic lattice point,
or occupation of a gap position (Figure 1a), thus creating localized disruptions in the crystal
structure. In metal nanomaterials, vacancy defects and doping defects are the main forms
of point defects [30,31]. Doping defects mean the replacement of the intrinsic atomic lattice
by other metal atoms or nonmetal atoms. A vacancy refers to the removal of neutral
atoms in the lattice of metals without breaking the electrical equilibrium of the whole
structures. These defects are so small in size and numbers that direct observation is difficult.
With much effort devoting to the pursuit of higher spatial resolution, EM techniques
allow the direct atomic—scale observation of the structure [32-35]. Thus, the defects in
various materials, including the materials containing the light elements, such as carbon
materials, MOF and covalent organic framework, could be revealed. As the Z contrast in
scanning transmission electron microscope (STEM) image depends on the atomic number,
the doping and vacancy defects could be confirmed based on their Z—contrast distinction.
For example, the Pd —doped Cu electrocatalysts were analyzed by high-angle annular dark-
field scanning transmission electron microscopy (HAADF—STEM) imaging (Figure 2a) [36].
Due to the Z—value of Pd being higher than that of Cu, the bringer atomic site indicated the
individual Pd atom in the Pd-doped Cu catalysts. The inverse fast Fourier transition (FFT)
pattern further confirmed the doping of Pd atoms in replacement of Cu atoms. On the other
hand, high-resolution electron energy—-loss spectroscopy (EELS) mapping indicated that the
doped Pd atoms were distributed evenly in the Cu catalysts (Figure 2b). Recently, Zhang
and co-workers reported a wet chemical synthesis of hierarchical Rh nanostructures, which
were composed of ultrathin nanosheets with ordered vacancies and a small amount of
interstitial carbon [37]. Due to the unique defects in structure that facilitated the adsorption
and dissociation of H,O, the obtained Rh nanostructures exhibited a remarkably enhanced
electrocatalytic activity and stability toward HER in alkaline media. To obtain the defects
information, the HAADF-STEM images together with structure fittings were taken to
analyze the structure of the Rh nanostructures, which showed two types of ordered vacated
defects. Due to the large number of defects, the crystal phases were changed.
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Figure 2. Structural characterization of point defects in Pd—doped Cu catalysts. (a) HAADF—-STEM
image and inverse FFT pattern (inset) of selected area. Scale bars are 2 nm. (b) EELS mapping.
Reproduced with permission [36]. Copyright 2016, Springer Nature.

2.2. Line Defects

Line defects, which can be classified into screw dislocations, edge dislocations and mix
dislocations, are deformations caused by atomic planes sliding over each other. In metal
nanomaterials, dislocations are always formed during the formation process of nanomateri-
als. Zhu et al. reported the wet chemical synthesis of symmetry-breaking Au icosahedral
nanocrystals, which exhibited a high activity toward photocatalytic ammonia borane hy-
drolysis [38]. The growth process was investigated by the HAADF-STEM. It was found
that the symmetry-breaking structure started from a five-twinned icosahedron and grew a
twinned protruding island. Moreover, it was observed that an edge dislocation occurred in
the vicinity of the twin boundary at the initial growth process of the symmetry—breaking
structure (Figure 3c,f).
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Figure 3. Structural characterization of line defects in symmetry—breaking Au icosahedral catalysts.

HAADF—STEM images, FFT patterns and magnified image of the selected area projected close to
(a) [112] and (b) [110] direction. (¢) HAADF-STEM image of an initial Au structure. STEM image
simulation, FFT patterns and atomic structure models projected along (d) [112] and (e) [110] directions.
(f) Enlarged view of the selected area in (c). Scale bars are 5 nm. Reproduced with permission [38].
Copyright 2020, Wiley-VCH.

Thus, a structural model composed of a {111}-faceted icosahedron capped with {100}-
faceted twin-tetrahedral units was proposed and further validated by matching the experi-
mental high-resolution STEM imaging, FFT patterns and their simulated ones along the
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[112] and [110] directions, respectively (Figure 3a,b,d,e). From the viewpoint of microscopic
growth, they proposed the formation of symmetry-breaking Au nanocrystals could be
ascribed to the site-specific nucleation of stacking faults and dislocations based on the
seeded growth method.

2.3. Surface Defects

Surface defects include surface steps, stacking faults, grain boundaries and twin
boundaries. In metal nanomaterials, these four surface defects widely exist. Among them,
twin boundaries could be viewed clearly in five-twinned structures, including decahedron,
icosahedron and twinned nanorods [39-42]. Grain boundaries are the interfaces that
usually separate a large number of randomly oriented grains while each grain is a single
crystal. To characterize the twin boundaries, electron diffraction is usually used apart from
the EM images. Taking the electron diffraction of five-twinned structure as an example,
the pattern contains an interpenetrated set of five individual diffraction patterns along
the [110] direction (e.g., Figure 3b,e) [38,43—46]. One set is assigned to the [110] zone
axis, and others could be obtained by rotating the former one by ca. 72°. A stacking
fault is a region in the crystal where the regular stacking sequence is interrupted. For
example, the metal with face—centered cubic (fcc) phase has a periodic arrangement of
atomic sheets in the form of ABCABC ... The presence of a stacking sequence AB or ABCB
instead of ABC could be regarded as a stacking fault. However, a large area of stacking
sequence ABCB or AB leads to phase changes. From the transmission electron microscope
(TEM) image, there are stripes with different contrast at relatively low magnification.
To further analyze the stacking faults, the sequence of atomic arrangements should be
obtained from a high—resolution transmission electron microscope (HRTEM) image or
STEM image. One—dimensional nanowires or nanorods usually have many stacking
faults in structures [47-51]. For example, Zhang et al. synthesized Au nanorods with
alternating 4H/fcc crystal-phase heterostructures [52]. The corresponding structure feature
and analysis is shown in Figure 4. A large number of stripes are seen in the TEM image
(Figure 4a). The stacking sequence ABCBABCB. . .. . was obtained, which could be ascribed
to the 4H phase. The selected—-area electron diffraction (SAED) further confirmed the
mixture structure (Figure 4b) because more than one set of points could be found. A careful
analysis shows these points could be told apart to be the characteristic [101]45y and [110]¢
zone diffraction patterns of the 4H and fcc phases, respectively.

(110)4y  (112)4

Figure 4. Structural characterization of surface defects in (a,b) 4H/fcc Au nanorod and (c,d) Pt-Cu
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nanowire. (a) HRTEM image showing alternating 4H and fcc crystal phases. (b) SAED pattern from
zone axes of [110]411/[101]¢. Reproduced with permission [52]. Copyright 2017, Wiley-VCH. (c) TEM
and (d) HRTEM images of an individual nanowire. Reproduced with permission [53]. Copyright
2016, American Chemical Society.

A step is an essential kind of surface defect in metal electrocatalysts, and it influences
the surface atom coordination number, which is closely connected to the surface electronic
structure and catalytic performance [54-56]. To view the surface steps, a specific direction
should be projected by electron beam. For example, Huang et al. reported an effective
approach to synthesize screw—thread-like Pt—Cu alloy nanowires that combined the ad-
vantages of a high surface area and high—index facets, showing boosted electrocatalytic
performance [53]. Pt-Cu nanowires are single crystalline. When the [110] direction was
projected, the steps on the high—index facets of {110}, {221}, and {331} were observed
(Figure 4d).

2.4. Volume Defects

Volume defects are crystal defects in three-dimensional space, which include pores,
cracks, foreign inclusions and other phases that are normally introduced during processing
and fabrication steps. Porous structures, the main form of metal volume defect, are featured
by a large number of pore structures inside them. The pore structure can be clearly seen
in HAADF-STEM images, due to the porous sites having a darker contrast because of the
fewer atoms. For example, Yang et al. reported the construction of mesoporous Cu nanorib-
bons by in situ electrochemical reduction of Cu-based metal organic frameworks [57]. The
HAADF-STEM image revealed that a high density of mesopores was distributed through-
out the whole of nanoribbons (Figure 5a) as there were many dark pores on the bright
Cu nanoribbons. The information could be further extracted from the HAADF-STEM
image, which clearly showed the appearance of pores. For example, the intensity profile
in a HAADF-STEM image was extracted to confirm the pores (Figure 5b). The multiple
ups and downs of the intensity indicate the existence of mesopores. To further gain more
information of pore size distribution, the N, adsorption—desorption could be measured.

Figure 5. Structural characterization of volume defects in Cu nanoribbons. (a) HAADF-STEM images.
(b) The corresponding intensity profile along the lines that marked by numbers 1 and 2 with yellow
color in (a). Reproduced with permission [57]. Copyright 2021, Wiley—VCH.

3. Relationship between Defects and CO,RR

The electrocatalytic reduction of CO, is a complex process, involving electron transfer
reactions of 2-12. According to the different number of electron transfer, the generated prod-
ucts generally include CO, CH;OH, HCHO, CH4, HCOOH, C,Hy4, C;H50H, CH;COOH
and so on. In addition, as a two—electron reaction process, HER is a competitive reaction
for electrocatalytic CO,RR. The CO;RR process is generally divided into three stages: the
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reactant CO, molecules diffuse in the liquid phase and adsorb on the surface of catalysts at
the three-phase interface. Through electron transfer and multistep protonation, different
reaction intermediates are formed. Then, the intermediates are eventually reduced to prod-
ucts and then desorb and diffuse outward into the electrolyte. As shown in Figure 6, after
the adsorption and activation of CO, molecules, the intermediates *COOH and *OCHO are
formed through electron—proton coupling. For the *COOH intermediate, a proton attack
occurs on the specific oxygen atom, resulting in the break of the C-O bond to produce the
*CO intermediate. The conversion from *COOH to *CO is a thermodynamically downhill
process. For weakly adsorbed *CO, *CO is easy to desorb from the surface, and then
it forms the product CO. Catalysts, such as Zn, Au and Ag, could selectively generate
*COOH intermediates and have weak adsorption for *CO, leading to the main product
CO. The moderate adsorption strength of *CO is favorable for subsequent protonation
to form HCHO, CH4, CH30H or C,, products. Taking CHy as an example (Figure 6),
after obtaining the adsorbed *CO intermediate, hydrogenation reactions then take place
to produce *CHO, further *CH,0O and *OCHj intermediates, and finally CHy. Through
the dimerization of *CO and electron transfer to form *OCCO intermediates, a further
protonation to get *OCCOH followed by a reduction, CoHy4 and other C; products could be
produced. For generation products such as CH3;CH,CH,OH, multiple rate control steps are
required, leading to a low catalytic activity and selectivity. For the *OCHO intermediate,
which is formed by a proton attack on the carbon atom, a further hydrogenation occurs to
produce HCOO™ or HCOOH. At present, the selectivity of CO or HCOOH in C; products
can reach more than 90% [58,59], while the selectivity of methane is around 80% [60].
Moreover, the selectivity of C, products (e.g., ethylene) can reach 80% [61].
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Figure 6. Schematic mechanism for producing different products in CO,RR from *COOH and *OCHO
intermediates, respectively.

The electronic structure has been proved to be critical to enhance the activity and
durability. Defects engineering is an important strategy to significantly manipulate the
surface electronic structure of electrocatalysts. The defect concentration of metal causes the
change of the electronic band structure and local charge distribution of the electrocatalysts,
thus finally improving their activity and selectivity. Catalytic reactions often occur on
the surface or interface of metal materials, resulting in the more important role of surface
defects than bulk defects.

Point defects display localized disruptions in crystal structure and have been widely
investigated in CO,RR [31,62]. The electronic structure of metal materials with point
defects is connected with the novel features derived from the redistributions of the spin
and charge, which is accompanied by the improvement in catalytic properties. As has
been reported, the changing electronic structure is closely connected with the adsorption
energy of intermediates, which might markedly affect the selection of a reaction pathway.
The vacancy and low—coordination sites in metal materials with vacancy defects dedicate
much to the capture of electrons and the increase of highly selective sites. For instance,
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the formation of Cu vacancies on the cubic AuCu catalysts via dealloying contributes
to a decrease of overpotential for CO products, an enhancement of CO selectivity (the
maximum is 94.3%) and mass current density [31]. As mentioned in Figure 6, *COOH and
*CO are key intermediates for CO formation and the conversion from *COOH to *CO is an
energy—favorable process; the balance of *COOH adsorption and CO desorption should be
taken into consideration. Density functional theory (DFT) calculations have indicated that
the energy barrier (free energy shown in Figure 7a) for *COOH adsorption of dealloyed
AujzCuis lower than that of perfect AuzCu and Au. However, the energy barrier for *CO
desorption and *H adsorption (Figure 7b) is quite close to each other. Thus, a balance
of *COOH adsorption and CO desorption was achieved on the defect sites on dealloyed
Au3Cu, leading to the most optimal CO selectivity. Doping means the replacement of
one atom by another atom or sometimes more than one kind of atoms, which is called
co-doping. New bonds are generated during the doping process. The combination of
doped heteroatoms alters the electronic structure and further impacts the adsorption and
desorption behaviors of key intermediates, which mainly influences the pathway of CO,RR.
For example, Li et al. reported a metal doping approach to modulate the adsorption
of hydrogen, which facilitated the hydrogenation of C; intermediates (HOCCH?*) and
thus improved the faraday efficiency (FE) for alcohols, while suppressing the formation of
ethylene [36]. Chen et al. used the doping of nonmetal B to induce the formation of electron—
rich Bi and adjusted the local electron density of the active center, thus optimizing the
adsorption energy of *OCHO intermediates and facilitating the formation of formates [63].

Lattice dislocations, which can cause compressive/tensile deformation around corre-
sponding fields, have been clarified to enhance the conductivity, create more active sites and
adjust the adsorption ability of reactants and intermediates. Wang et al. prepared ultrathin
Bi nanosheets with lattice dislocations that exhibited superior activity, selectivity and dura-
bility towards CO,RR with selective HCOOH production [64]. Bi (101) surface and that with
10% uniaxial expansion were constructed for perfect Bi and lattice-dislocated Bi nanosheets
to calculate the adsorption energy and free energy of reaction pathway, respectively. The
higher negative adsorption energy of CO, and OCHO*, and the lower negative adsorption
energy of HCOOH on lattice—dislocated Bi (Figure 7c) indicated that lattice-dislocated Bi
was more favorable for the adsorption of CO, and OCHO*and desorption of HCOOH than
perfect Bi, thus promoting the high selectivity of HCOOH. Meanwhile, compared with
lattice-perfect Bi, there was a lower formation barrier of OCHO* (the vital intermediate
in the production of HCOOH) and a higher barrier of hydrogen for lattice—dislocated Bi
(Figure 7d), further indicating its advantage on HCOOH formation and disadvantage on
the formation of Hy. In conclusion, the construction of lattice dislocations contributed to
the rearrangement of the electric structure and optimized the adsorption conditions of
intermediates.

Grain boundaries and twin boundaries are commonly considered to be active over
CO,RR. Grain boundaries have been proven to be active sites in the promotion of the
selectivity of products, since the study by Li et al. revealing the linear relationship between
grain boundaries and performance of CO electroreduction reaction [65]. It has been revealed
by calculations that there are abundant sites on grain boundaries or twin boundaries of Au
nanoparticles. Among them, a considerable fraction (10%) of sites could markedly break
the scaling relationship of formation energy of *COOH and binding energy of *CO [66]. A
DFT study also revealed the outstanding role that the grain boundaries sites of a specific
facet play in the CO;RR of Au catalysts to change the reaction route. Different types of
grain boundaries could behave very differently [67]. On the grain boundaries sites of Au
(100) facet, the barrier for the formation of *COOH from CO; is the potential determination
step while the release of CO is an exergonic process. Thus, this kind of grain boundary
could lower the overpotential of gaseous CO rather than change the pathway. On the other
hand, the potential determination step is the formation of *CHO from *CO because of the
strong binding with CO on grain boundaries sites of Au (110) facet, resulting in the pathway
change of CO;RR. Furthermore, the catalytic CO;RR activity resulting from atoms on {100}
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facets, single crystal edges and twin boundary edges have been quantitatively evaluated
through calculating the atom—specific activity (i.e., average current generated from one
atom) over Ag nanocubes and five twinned Ag nanowires, which both have {100} facets
exposed, but showing different types of edges [68]. The catalytic activity of atoms on twin
boundary edges is similar to that on single crystal edges, but more than two orders higher
than that on {100} facets. DFT calculations of free energy of the intermediates on twin
boundary edge (Figure 7e) and the {100} surface (Figure 7f) revealed that the intermediate
COOH* stabilized via a bridge—type binding is easier to form at twin boundary than that
on the {100} surface, thus being favorable to a higher activity for the conversion of CO,
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Volume defects can maximize the active sites and optimize the local pH. The catalysts
of the porous materials with volume defects have a high specific surface area, which is
very useful for CO, adsorption. Moreover, a relatively high density of active sites can
be endowed in these materials, which can improve the efficiency of energy conversion.
Different catalytic effects can be obtained by adjusting the pore size and pore density.
Porous materials can also react in severe environments without significantly reducing the
porosity of the materials. It has been found that porous metals are promising catalysts
for electrocatalytic CO, reduction. Highly porous structure in Zn catalyst caused a high
local pH which suppressed H; evolution, resulting in a boosted CO selectivity [69]. On the
other hand, the introduction of new phases is one kind of volume defects. The generation
of new phases is conducive to the reconstruction of the intrinsic electronic structures and
provides original active sites for the CO,RR process. Chen et al. [70] reported a rational
approach for preparing heterostructured intermetallic CuSn catalysts (Cu3Sn/CugSns),
which showed a high efficiency of 82% for the production of formate at —1.0 V vs. reversible
hydrogen electrode (RHE), while the CugSns and Cu3Sn catalysts mainly produced Hy,
showing 75.3% and 57.5% at the same potential, respectively. The DFT calculation results
revealed that the CusSn/CugSns was preferred for the generation of formate, as well as the
experimental results. The calculated adsorption energies of HCOO* were more negative
than that of *COOH, and the energy difference between HCOO* and *H was beneficial for
a high selectivity of the formate.

4. Defects Engineering

So far, a variety of methods are capable of creating defects. In general, these methods
to construct defect sites are classified into a direct synthesis strategy and postprocessing
modification strategy. A direct synthesis strategy indicates constructing defects during
the formation process of nanomaterials. Hydrothermal/solvothermal methods and the
galvanic replacement method belong to this strategy. The postprocessing modification
strategy, including chemical etching, physical etching and so on, means artificially creating
defects after the formation of specific materials. Herein, we introduce typical defects
engineering methods for point, line, surface and bulk volume defects, respectively. It
should be mentioned that more than one kind of defects are usually formed in metal
nanomaterials when defects are fabricated. Moreover, not only the synthesis process of
nanomaterials, but also the catalytic CO,RR process can generate defects.

4.1. Point Defects Engineering

To date, a large number of synthetic methods have been reported in the literature
for the generation of point defects, among which we will discuss the following typical
examples, namely galvanic replacement and solvothermal methods.

The classical galvanic replacement method has been widely used in the synthesis of
various materials due to its mild conditions and easy operation process. The electrochem-
ical catalysts with point defects towards CO,RR can be prepared as well. The galvanic
replacement reaction takes advantage of the potential difference between two metals to
achieve the purpose of atoms substitution, which is commonly known as the formation of
one kind of metal by sacrificing another metal. In view of this, researchers have achieved
the regulation of the composition of Cu-Pd by galvanic replacement reactions. By control-
ling the concentration of the Pd precursors, Cu-Pd products with different amounts of Pd
dopants can be obtained. Among them, the Cu-Pd-0.3 (0.3% Pd) exhibited the highest
FE toward alcohols generation from CO electroreduction because its d-band center is at
the most suitable position, and the interaction between the two metals can better balance
the adsorption of intermediate *HOCCH species and *H on the catalyst surface [36]. If
the galvanic replacement reaction takes place more completely, alloys can be synthesized.
Many reports concern the construction of catalysts towards CO,RR by this method. Li and
co—workers used the galvanic replacement method to grow Bi nanosheet arrays on a Cu
substrate (Figure 8a) [71]. These nanosheets were only 2-3 nm thick with a large surface
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area and abundant defects (Figure 8b). Due to the unique structure, the materials exhibited
excellent catalytic activity with a high FE, high current density and good catalytic stability
in the application of electrocatalytic CO; to formate (Figure 8c).

The wet chemical reduction method, including the hydrothermal/solvothermal method,
is one of the most widely studied synthesis methods. This method enables the synthesis of
nanomaterials at relatively mild and green condition. Regulating the reaction parameters,
such as the kind of reducing agent and the solvent, can lead to nanomaterials with different
morphologies and surface structures. Both metal and nonmetal can dope into the nano-
materials for CO,RR. E.H. Sargent et al. modified the local electronic structure of Cu by
doping nonmetal B [72]. The strong reducing agent NaBH4 was used. The concentration
of B in the catalysts could be tuned by the amount CuCl, precursor. Compared with the
pristine copper and oxidized nanocopper catalysts, the B—doped Cu catalysts showed a
more superior conversion efficiency, higher C, selectivity and stability. Using the same
synthetic method, halogene could be used to modify copper catalyst as well [73].
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Figure 8. (a) Schematic diagram of the synthesis and (b) morphology of Bi nanosheets synthesized by
galvanic replacement reaction; (c) Comparison of potential-dependent FE for HCOO™, CO, and Hj,
measured on Bi nanosheets (Bi-NAs), Bi powders and Cu foam. Reproduced with permission [71].
Copyright 2021, Wiley-VCH.

4.2. Line Defects Engineering

Line defects are always formed during the growth process of nanocrystals. So far, the
successful construction of line defects in metal nanomaterials for application in CO,RR has
rarely been reported. Zhang et al. reported the successful preparation of bismuth nanowires
with rich dislocations by in situ electrochemical reduction of Bi;O3 that were previously
coated on the surface of Cu foams (Figure 9a) [74]. A Bi;O3 layer on Cu foams was formed
by calcinating the Bi layer, which was fabricated by the coordination—enabled galvanic
replacement method. As bismuth has fragile mechanical properties, it is difficult to form
porous Bi electrodes, thus porous Cu foams were used as templates. To achieve a uniform
bismuth coating that was limited by the material transport in the electrolyte, ligands
that could coordinate with Cu* were used to form stable complexes, which increased
the reduction potential difference between Cu* and Bi3* and prompted the replacement
reaction to proceed rapidly. The lattice dislocation defects, which were generated during
in situ electrochemical transformation or thermal treatment process, can be observed on
a TEM image. Cu foam@Bi nanowires achieved an efficient conversion of CO, to formic
acid with an FE of 95% for formate at a potential of —0.69 V vs. RHE and they maintained
a high activity in the potential range from —0.69 V to —0.99 V vs. RHE. The high CO,
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reduction activity of the Cu foam@Bi nanowires electrode could be attributed to the lattice
dislocation defects of the Bi nanowires and the large catalytic specific surface area due to
their porous structure.

Ultrathin Bi nanosheets with abundant lattice dislocations were also reported, which
were prepared by the topological transformation of Bi;O,CO3 nanosheets via electrochem-
ical reduction at a current of —300 mA cm~2 (Figure 9b,c) [64]. Compared with perfect
Bi nanosheets that were synthesized by reduction at low potential, the lattice—dislocation—
rich Bi nanosheets showed a higher activity, selectivity and stability in converting CO, to
HCOOH (Figure 9d,e).
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Figure 9. (a) Illustration of the synthesis of Cu foam@Bi nanowires. (b) Synthesis schematic and
(c) HRTEM image for Bi nanosheets with rich dislocations. (d) Linear sweep voltammetry curves
of perfect Bi (P-Bi) and lattice dislocated Bi nanosheets (LD-Bi) in a gas—saturated 0.5 M KHCO3
solution. (e) FE of HCOOH, H;, and CO for defective Bi nanosheets. Reproduced with permission [64].
Copyright 2022, Elsevier.

4.3. Surface Defects Engineering

As mentioned above, surface defects include surface step and boundary defects.
Surface control to form surface step sites on nanomaterials has been widely studied since
the first report of synthesizing high-index {720} facets—exposed Pt nanocrystals by Sun
via an electrochemical method [75]. So far, many reviews have summarized the surface
engineering results of metal nanocrystals for application in ORR and HER, especially noble
metal nanocrystals. The surface control methods include the capping agent regulation,
kinetics control, etching method, supersaturation control method, and so on [76-79]. As for
constructing metal nanomaterials for CO,RR, these methods are still effective. We herein
introduce the most typical methods.

The surface control based on specific capping agents has a long history and is regarded
as a relatively simple and practical method for the construction of targeted exposing facets.
Although the intrinsic reason for surface control caused by the capping agent is not fully
understood, the effect of specific capping agents on surface control could be summarized
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into two aspects. The specific adsorption between the capping agent and specific surface
is one aspect, which alters the relative growth rates of various crystallographic planes
and makes a specific surface thermodynamically favorable. The other aspect is that the
configuration of a specific capping agent can affect the atoms deposition sites on the nucleus.
Ki Tae Nam and co-workers reported the unique shape regulation of Au nanocrystals via
a seeded-mediated method with the assistance of mercaptans [80]. The strength of thiol
binding with Au is considered as the main reason that affects the final morphology. Without
any additives, trisoctahedral Au nanocrystals are the final products (Figure 10a). The use
of 4—aminothiophenol leads to the unique concave rhombic dodecahedral structure due to
the stronger binding energy of —SH with Au in the presence of the -NH, group, which
has an electron—donating property. When in the presence of —H instead of -NH, at the
para—position, tetrahexahedral Au nanocrystals without obvious concave surface are the
resultant nanocrystals, as interaction energy between —SH and the Au surface is slightly
decreased. Apart from the thiol group, the configuration of capping agents also plays a
vital role in forming this shape. By using a capping agent without benzene, nanocrystals
with irregular shapes dominate the final products. The HRTEM image in Figure 10b shows
the unique concave structure enclosed by various high indexes, such as the {331} facets,
{221} facets, {553} facets and so on, which contain obvious surface steps. Due to the high
density of high energy sites, the concave rhombic dodecahedral Au nanocrystals exhibited
a selective conversion of CO, to CO (Figure 10c).

a e Organothiol b
'\ o additives 1001 Eoncave R.EL
SH o SH $H 9 g :\
P Y :\i 3 \
Growth solution \/j\\(/j =~ 80 . RD "\,
CTAB ] g 70 Ny
HAUC, Cl NHp @ [
Ascorbic s 60 ./n
% 50 « Cube
n
/ l \ E 40 i/
£ 30 "
w v .
20 4
8 Au Film L
10 e

0 —— T
-0.2-0.3-0.4-0.5-0.6-0.7-0.8-0.9-1.0
Applied potential (V) vs. RHE

Without additives  Thiophenol +-3minothiophenol

Irisoctahedron Tetrahexahedron Concave
rhombic

d dodecahedron e I C(CO+HCOOH)
S ———— 2

e I C,/(C,H,+C H,OH+n-propanol) 2] Cu NWs
., Il sw-cuNws

Potentisl (V v RHE)
2
8

» ) @
s 3 -3

Faradaic efficiency ( %)
»
v

-~

0.7 0.9 A4
Potential (V vs. RHE)

Figure 10. (a) Surface control of Au nanocrystals by capping agent. (b) HRTEM image showing
the surface structure of a concave rhombic dodecahedral Au nanocrystal. (c) FE of CO for Au
catalysts with shapes of film, cube, rhombic dodecahedron (RD) and concave rhombic dodecahedron.
Reproduced with permission [80]. Copyright 2015, American Chemical Society. (d) Schematic
illustration showing surface structure change of Cu nanowires by square-wave potential. (e) FE of
products on perfect and square-wave potential treated—Cu nanowires (SW-Cu NWs). Reproduced
with permission [81]. Copyright 2022, Wiley—VCH.

The postprocessing method can be widely used to construct plane defects. Elec-
trochemical processing is a typical method to drive the atoms rearrangement and the
formation of plane defects during the oxidization, reduction or alternate oxidization and
reduction process. For example, on the basis of Cu nanowires with a smooth surface of
{100} facets, a square-wave potential treatment was conducted, making the surface atoms
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rearrangements during the alternate oxidization and reduction process (Figure 10d) [81].
After a long duration of treatment, the surface became very rough and stepped Cu {331}
facets appeared. Compared to the plat {100} facet, the (311) high-index facet prompted the
adsorption of the *COCOH intermediate and led to a high selectivity of the Cy, products,
such as C3H;OH, C;H; and C,H50H (Figure 10e). Actually, catalysts could undergo
reconstruction under the working condition, which might contribute to increasing the
catalytic performance, as the intrinsic stable catalytic active sites could appear or increase.
A study of the reconstruction process can reveal the intrinsic catalytic active sites. Recently,
Qiao and co-workers studied the controllable reconstruction of Bi—MOFs to Bi nanosheets
with surface defects for electrochemical CO;RR. The reconstruction process included the
dissociation and conversion of Bi-MOF to Bi;O,COj3 through electrolyte mediation and
reduction of Bi,O,COs to Bi by potential mediation [82]. The unsaturated Bi atoms that
formed adjacent to the surface vacancies were regarded as active sites for adsorption of
*OCHO intermediates and ultimately benefited to the production of formate.

As for boundary engineering, the typical method to regulate the density is annealing.
A higher temperature leads to a lower density of grain boundaries. M.W. Kanan and
co—workers studied the quantitative correlation between grain boundaries density and
catalytic activity towards CO,RR [83]. They prepared Au nanoparticles with rich grain
boundaries on carbon nanotubes by the e-beam evaporation method and then tuned
the density of grain boundaries by thermal annealing (Figure 11a). A higher annealing
temperature decreased the boundaries density due to the decrease of total energy. With the
increase of boundaries density, the current density of CO increased accordingly (Figure 11b).
Moreover, they exhibited a linear relationship in the potential range from —0.3 V to —0.4 V
for these four samples (Figure 11c). Except for the boundary engineering, there are many
literature works reporting that the five-twinned structure exhibited superior performance
towards CO,RR [45,84,85].
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Figure 11. (a) TEM images of as—deposited and annealed Au/carbon nanotubes electrodes. (b) Spe-
cific current density for CO production (jcp) vs. potential and its (c) correlation with grain boundary
surface density. Reproduced with permission [83]. Copyright 2015, American Chemical Society.

4.4. Volume Defects Engineering

Volume defects have three-dimensional structure that can be observed relatively more
obviously and created more easily. Herein, we mainly introduce the template method and
etching method.
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The template method can copy the template structure into the target material. This
method has the advantages of a strong versatility and simple equipment. The templates
can be diversifying. Gas can act as the template to create volume defects. For example, Sen
et al. prepared 3D copper foam on a copper substrate using electrochemical deposition [86].
During deposition, H, bubbles were used as templates to create pores, which could be tuned
in the range of 20-50 pm. During the electrocatalytic CO,RR process, copper nanofoams
contributed to the high selectivity of CO and HCOOH, which were significantly different
from those obtained on the smooth electropolished copper electrode, indicating the defects
effect caused by these different graded pores. Except for gas bubbles, anodized alumina
usually serves as a typical template, in which a clear hole width and depth can be tuned,
which is favorable to identify the actual active sites for catalytic regulation. Yang et al.
designed and synthesized a mesoporous copper electrode that could accurately control
the width and depth of the hole by sputtering copper on an anodized alumina template
(Figure 12a,b) [87]. The results showed morphologically dependent product distributions
(Figure 12¢,d). The results indicated that a decrease in pore width and an increase in pore
depth promoted the formation of C, products.
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Figure 12. (a) Preparation scheme and (b) SEM images of copper mesoporous electrode.
Scale = 300 nm. (c) Linear sweep voltammetry curves and (d) chemical selectivity at —1.7 V vs. nor-
mal hydrogen electrode (NHE) of four electrodes with different pore widths and depths. Reproduced
with permission [87]. Copyright 2017, Wiley—VCH.

Etching is an important method to construct porous nanostructures by substitution,
coordination or etching away unstable atoms. Akansha Goyal et al. studied the effect
of pore diameter and pore length on regulating the CO,RR of nanoporous gold catalyst.
Four different nanoporous gold catalysts with pore sizes ranging roughly from 40 nm
to 10 nm were prepared by electrochemical alloying, dealloying and thermal coarsening
(Figure 13a) [88]. The surface roughness factor of the catalysts decreased with the increase
of thermal coarsening (Figure 13b). The FE of CO and the current density increased with
the increase of the catalyst roughness factor (Figure 13c,d,f). The geometric current density
of HER decreased from flat Au to Au with the increased roughness (Figure 13e). The results
showed that the decrease of pore size and the increase of pore length increased the surface
roughness of the catalyst, resulting in more surface defects, which led to more active sites,
an enhanced CO;RR current, inhibited competitive HER reactions, and achieved a higher
Faraday selectivity of CO that was close to 100%.
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Figure 13. (a) Schematic diagram of nanoporous (Np) Au catalyst. (b) Roughness factors, (c) FE of
CO, (d) total geometric current density, (e) partial geometric current densities of HER and (f) partial
geometric current densities of CO over four porous Au catalysts. Reproduced with permission [88].
Copyright 2022, the Royal Society of Chemistry.

5. Conclusions and Perspectives

In conclusion, the research on developing metal nanomaterials with defects for electro-
catalytic CO,RR was briefly summarized. Typical examples were illustrated to demonstrate
the corresponding structure features and the characterization of metal nanocrystals with
defects by EM techniques. In addition, defects engineering methods together with the
recent progress related to electrocatalytic CO,RR were shown. For further contributions,
future research directions for this field are proposed as follows: (1) Although there are many
research works studying the effects of defects on metal nanomaterials towards CO;RR,
the rational design and control of the amount and distribution of defects are rarely re-
ported. The corresponding defects engineering strategies need to be developed. (2) So far,
a limited understanding towards the growth mechanism of defects in nanomaterials has
been demonstrated. Further research concerning an in—depth understanding by in situ
spectroscopic and microscopic techniques is highly desired. (3) To achieve a long—term
catalytic activity, the stability of defects during the catalytic performance should be paid
attention to. In all, defects in nanomaterials are so vital and fascinating that they warrant
devoting more efforts to exploring the construction of metal nanocrystals with defects.
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