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HIGHLIGHTS

e Phase engineering of nanomaterials
(PEN) emerges as a promising tactic to
regulate their electrocatalytic
performances.

e Recent development in phase engineer-
ing of metal nanocatalysts for electro-
chemical CO, reduction reaction was
summarized.

o Challenges and perspectives towards
phase engineering of metal nano-
catalysts for electrochemical CO, reduc-
tion were proposed.
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ABSTRACT

The electrochemical CO; reduction reaction (CO2RR) offers a green and sustainable process to convert CO into
valuable chemical stocks and fuels. Metal is one of the most promising types of catalysts to drive an efficient and
selective CO2RR. The catalytic performance of metal nanocatalysts is strongly dependent on their structural
features. Recently, phase engineering of nanomaterials (PEN) has emerged as a prominent tactic to regulate the
catalytic performance of metal nanocatalysts for the COoRR. A broad range of metal nanocatalysts with con-
ventional and unconventional crystal phases has been developed, and remarkable achievements have been made.
This review summarizes the most recent developments in phase engineering of metal nanocatalysts for the
electrochemical CO2RR. We first introduce the different crystal phases of metal nanocatalysts used in the COoRR
and then discuss various synthetic strategies for unconventional phases of metal nanocatalysts. After that, detailed
discussions of metal nanocatalysts with conventional and unconventional phases, including amorphous phases,
are presented. Finally, the challenges and perspectives in this emerging area are discussed.

1. Introduction

Over the past decades, the rapid consumption of fossil fuels has
significantly increased the CO. concentration in the atmosphere and
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caused significant environmental impacts, including global warming and
water acidification [1]. Converting CO5 into value-added chemicals is a
promising way to mitigate the drawbacks induced by excessive CO3 [2].
Recently, with the continuous decrease of renewable electricity prices
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[3], the electrocatalytic CO, reduction reaction (CO2RR) is emerging as a
sustainable and economical technology to realize this goal. Compared
with conventional chemical processes [4], the electrochemical approach
shows excellent advantages, including: 1) ability to use renewable energy
input, 2) operation under ambient conditions, 3) clean process with less
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waste, and 4) ease of equipment set-up and control [5,6]. With the
rational design of the electrochemical cell, electrochemical process, and
catalyst, CO5 can be reduced into diverse value-added products, such as
carbon monoxide (CO), formate, methane (CH4), methanol (CH3OH),
ethylene (CgHy), ethanol (C,HsOH), and n-propanol (C3H;OH), thus
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Fig. 1. Timeline of representative works in phase engineering of metal nanocatalysts for the electrochemical CO2RR in recent years. Sn nanocatalysts with amorphous
layer: Reproduced with permission from Ref. [30]. Copyright 2017, Cell Press. Orthorhombic intermetallic e-phase Ag;6Sna4: Reproduced with permission from
Ref. [31]. Copyright 2017, American Chemical Society. Amorphous Cu nanoparticles: Reproduced with permission from Ref. [32]. Copyright 2018, John Wiley &
Sons, Inc. 4H Au nanoribbons: Reproduced with permission from Ref. [33]. Copyright 2020, American Chemical Society. fcc-2H-fce Au nanorods: Reproduced with
permission from Ref. [34]. Copyright 2020, Nature Publishing Group. fcc-2H-fcc PA@Au nanorods: Reproduced with permission from Ref. [35]. Copyright 2020,
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making it possible to revolutionize the way these chemicals are produced
in the conventional chemical engineering industry.

Electrocatalysts play the most pivotal role in determining catalytic
performance during the electrocatalytic COsRR. Until now, various
nanomaterials — such as metals [7], metal oxides [8,9], single-atom
catalysts [10-12], metal-organic frameworks [13-15], and
two-dimensional (2D) layered compounds [16-18] — have been devel-
oped as potential nanocatalysts to drive the COoRR. Among these ma-
terials, metal nanocatalysts are particularly promising due to their high
catalytic activity [19], excellent electrical conductivity [20], tunable
electronic structure [21], and diverse catalytic products [22,23]. Over
the past years, a number of metal nanocatalysts, such as Ag [24], Au [25],
Pd [26], and Cu [27], with various nanostructures have been developed
for the CO2RR. To enhance electrocatalytic performance, previous re-
ports mainly focused on the controlled synthesis of metal nanomaterials
by tuning their compositions, dimensions, shapes, sizes, and architec-
tures. Recently, phase engineering of nanomaterials (PEN) [28] has
emerged as a promising strategy to regulate the properties of metal
nanocatalysts towards the CO2RR.

Although metal nanocatalysts generally crystalize in their thermo-
dynamically stable phases, it has become feasible to acquire metal
nanocatalysts with unconventional phases in particular experimental
conditions [28]. By engineering the way atoms or ions are packed, metal
nanocatalysts can present different phases and thus different catalytic
properties [29]. Therefore, tuning the phases of metal nanocatalysts is
becoming increasingly attractive for enriching the crystal structures of
metals, regulating CO2 catalytic pathways, and boosting catalytic
performance.

In this review, we summarize the most recent developments in phase
engineering of metal nanocatalysts for the electrocatalytic CO2RR
(Fig. 1). Various synthetic strategies for controlling the crystal phases of
metal nanocatalysts are first introduced. Then up-to-date CO2RR per-
formance based on unique metal nanocatalysts is summarized, with an
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emphasis on their catalytic activity, selectivity, and stability. Finally, our
insights into the challenges and opportunities for phase engineering of
metal nanocatalysts towards the CO2RR are proposed.

2. Crystal structures of metal nanocrystals

Based on the product types, metal nanocatalysts for the CO2RR can be
divided into three main categories [22]. Main group metal nanocatalysts,
such as Sn, Pb, Sb, In, and Bi, often produce formate [39], while some
post-transition metal nanocatalysts, including Au, Ag, Zn, and Pd, mostly
convert CO5 into CO [40]. Uniquely, Cu-based nanocatalysts can promote
the formation of multi-carbon species such as CyHs4, CoHsOH, and
C3H,OH [41].

Conventionally, metal nanocatalysts exhibit crystal structures identical
to their bulk ones. Among the metals with excellent CO2RR catalytic ac-
tivities, most adopt close-packed crystal structures, including face-centered
cubic (fcc) (e.g., Au, Ag, Pd, Cu, Pb) and hexagonal close-packed (hcp)
(e.g., Co and Zn) structures (Fig. 2). The close-packed plane in the fcc
structure (also known as 3C), {111}, adopts the typical “ABC” stacking
sequence along its close-packed direction, while the stacking sequence of
the close-packed plane in the hep structure (2H type), {0001 }y,cp, follows a
periodic pattern of “AB”. In addition to the close-packed crystal structures,
some metal nanocatalysts for the COoRR crystalize in non-close-packed
structures, such as body-centered cubic (bcc) (e.g., Fe), body-centered
tetragonal (bct) (e.g., In and Sn), or rhombohedral (rho) structures (e.g.,
Sb and Bi). Compared to close-packed crystal structures, non-close-packed
ones show more diverse symmetries and lattice parameters, which might
lead to different catalytic behaviors. Interestingly, among these metal
nanocatalysts, most main group metal nanocatalysts (except Pb) that favor
formate production crystalize in non-close-packed crystal structures, such
as bet Sn [42] and rho Bi [43].

Importantly, unconventional crystal phases of metals that are less
energetically favored in the bulk state become attainable at the

Fig. 2. Schematic overview of PEN for the electrochemical CO,RR.
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nanometer scale. For instance, the thermodynamically stable phase of Au
in bulk size is fcc, while Au nanomaterials with unconventional 2H (2H
type of hep) [44], 4H (4H type of hep) [45], and face-centered tetragonal
(fct) [37] phases have been obtained. Besides the monometallic
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nanocatalysts, unconventional phases and phase transformation in bi- or
multi-metallic nanomaterials could also be achieved [46]. In addition to
well-crystalized structures, various crystallographic defects of metal
nanocatalysts, such as amorphous structures without long-range periodic
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atomic arrangement [47], twin boundaries (TBs) [48,49], and stacking
faults (SFs) [50], could also be employed to promote CO2RR performance
[51-53]. Moreover, recent research work has shown that the rational
design and synthesis of metal nanocatalysts with more than one phase,
i.e., heterophase, could be another efficient methodology to boost their
activity and selectivity in the CO3RR [34,35].

3. Synthetic strategies

To date, various wet-chemical synthesis strategies have been devel-
oped to enhance the catalytic performance of metal nanocatalysts in the
CO2RR. In this section, various PEN strategies, including the colloidal
synthetic method, the electrochemical method, heat treatment, and some
other approaches, are discussed, as well as some representative examples
of controlling crystallographic defects such as TBs and SFs in metal
nanocatalysts.

3.1. Colloidal synthesis

The colloidal synthesis method normally involves the chemical
reduction of metal precursors in the presence of reducing agents, ligands/
capping agents, and solvents in solution; advantages include fine control
over the morphology, composition, size, and even simultaneous self-
assembly of metal nanocatalysts [54,55]. Compared with other PEN
strategies, colloidal synthesis is capable of yielding unconventional
phases, TBs, and/or SFs in relatively high purity and large amounts under
mild conditions [56,57]. Moreover, via the rational design of multi-step
synthetic procedures, novel hetero-nanostructures with unconventional
phases could be obtained [34].

The direct colloidal synthesis of metal nanocatalysts with uncon-
ventional crystal phases for the CO2RR has been realized in Au [45], Pd
[35], and Cu [36]. Taking Au as a representative example, 4H Au
nanoribbons have been prepared using a colloidal synthesis method in a
[Au(I)-oleylamine] complex system [58] in which 1,2-dichloropropane
acted as an essential additive [45]. In the absence of 1,2-dichloropro-
pane, only a mixture of twinned fcc Au nanoparticles and nanowires
was obtained. Moreover, using the 4H Au nanoribbons as seeds,
high-purity 4H Cu was also prepared via an epitaxial approach, which
involved the rapid reduction of copper (II) nitrate by hydrazine hydrate
in a suspension of 4H Au nanoribbons (Fig. 3a) [36]. Recently, our group
has provided a phase transformation method to prepare 2H Pd nano-
particles from amorphous Pd nanoparticles [35]. During the synthesis,
amorphous Pd nanoparticles were first synthesized by obtaining amor-
phous Pd nanoparticles from heating a mixture of palladium (II) acetate,
oleylamine, toluene, and 1-dodecanethiol at 150 °C. Subsequently, an
unconventional 2H phase could be transformed by heating the
as-synthesized amorphous Pd nanoparticles in oleylamine under a high
vacuum. In comparison, fcc Pd nanoparticles would be synthesized by
heating the amorphous nanoparticles in air (Fig. 3b). In addition to un-
conventional phases of Au and Pd, amorphous Cu nanoparticles have also
been prepared in solution by Duan et al. [32]. The preparation of
amorphous Cu took place in ethylene glycol with the assistance of tannic
acid as a weak reductant, while a strong reducing agent (sodium boro-
hydride) led to the formation of crystalline Cu nanoparticles (Fig. 3c).

Besides unconventional crystal phases, metal nanocatalysts with
abundant TBs and SFs have also been obtained using colloidal synthetic
methods for the CO2RR [58]. These crystallographic defects might lead to
unusual adsorption behaviors on the catalyst surface and therefore affect
the resultant COoRR pathways. For example, Hu et al. synthesized Ag
nanocatalysts with well-defined dimensions and morphologies (nano-
wires and nanocubes) as model nanocatalysts and quantitatively
analyzed their atom-specific catalytic activity on TBs [52]. The
atom-specific activity of TB edges was catalytically greater than that of
(100) surface atoms towards the overall CO2RR. They adopted a polyol
method from Silva et al. [59], in which penta-twinned Ag nanowires with
continuous TBs along the longitudinal axis were synthesized by a
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bromide-mediated process. In another work, Choi et al. prepared
oleylamine-capped five-fold twinned star decahedron Cu nanoparticles
with multiple SFs and demonstrated their enhanced activity and selec-
tivity for CaHy production compared to commercial Cu nanoparticles
[51]. The authors believed that high-density SFs were formed due to the
release of internal stress during nanoparticle growth. In order to achieve
the formation of TBs, a slow growth rate was maintained by using a weak
reducing agent (L-ascorbic acid), a low concentration of Cu precursor,
and a relatively low reaction temperature (130 °C).

Recently, heterophase nanocatalysts, in which more than one type of
crystal phase coexists in a single nanostructure, have attracted abundant
research interest. The presence of phase boundaries in heterophase
nanostructures might lower the kinetic barriers in certain rate-limiting
CO2RR pathways and therefore promote catalytic activity and selec-
tivity [34,36]. To date, various types of heterophases, including
randomly distributed and well-defined heterophases, have been achieved
by the colloidal synthesis method. For example, our group reported a
high-yield colloidal synthesis of heterophase 4H/fcc Au nanorods with
random alternating 4H and fcc crystal phases by heating gold (III)
chloride hydrate dissolved in oleylamine at 70 °C for 17 h [60]. Using a
similar method to prepare 4H Au@Cu core-shell nanoribbons, 4H/fcc
heterophase Au@Cu nanorods were further synthesized by epitaxial
growth of Cu on the 4H/fcc Au templates [36]. Since the Cu coating was
uniform and thorough, the 4H and 4H/fcc Au@Cu core-shell nano-
materials could be used to investigate and provide insight into the
phase-dependent CO2RR behavior of Cu, while the Au cores did not
directly participate in the catalytic reaction.

In addition to monometallic nanocatalysts, recently, bi- or multi-
metallic nanomaterials have also been prepared via the colloidal syn-
thesis method. For example, bimetallic Ag-Sn [31] core-shell nano-
crystals with ultrathin, a partially oxidized Sn (SnOy) shell, were
synthesized using a seed-mediated colloidal synthesis method. The au-
thors used pre-synthesized Sn nanocrystals as seeds and controlled the
subsequent galvanic replacement between Sn and Ag (I) (Fig. 3d).
Interestingly, the dominant crystal phase in Ag-Sn was influenced by Sn
content. At a low Sn concentration (10-20 at.%), the Ag—Sn binary alloy
consisted of fcc Ag and disordered &-phase AgSn. As the Sn content
increased to 24 at.%, an orthorhombic intermetallic e-phase AgsSn shell
was obtained. As the Sn concentration further increased (to 60 at.%), the
Ag-Sn alloy exhibited a heterophase containing both e-phase AgsSn and
bct p-phase Sn. In another report, a unique crystalline/amorphous het-
erophase Bi-Sn nanostructure was prepared for generating formate
through the CO2RR [61]. The Bi-Sn nanoparticles with Bi-doped amor-
phous SnOy shells were derived from SnggoBig 2o alloy nanoparticles,
which were pre-synthesized via co-reducing Sn (II) and Bi (III) salts in a
mixture of oleylamine and 1-octadecene in the presence of hexame-
thyldisilazane. Very recently, our group has prepared heterophase Cu
nanostructures encapsulated by amorphous SnO, with different archi-
tectures via a colloidal synthesis method (Fig. 3e) [38]. Cu (II) acetyla-
cetonate and Sn (II) chloride dihydrate were heated in a mixed solution
containing oleylamine, hexadecyltrimethylammonium chloride, and tri-
octylphosphine oxide at 150 °C under a Ny atmosphere. After the injec-
tion of octylamine, the mixture was heated to 320 °C. A series of
Cu@SnO;y hybrid structures, including hemicapsule, yolk-shell, and
core-shell nanostructures, were obtained by controlling the temperature
and atmosphere of the post-treatment process. Impressively, in all these
nanostructures, Cu cores exhibited a unique heterophase structure
composed of fcc, 2H, 4H, and 6H (6H type of hcp) phases, together with
abundant TBs and STs.

3.2. Electrochemical synthesis

The electrochemical synthesis method presents unique advantages for
designing and fabricating electrocatalysts, as it is not only capable of
scalable synthesis and direct substrate-based fabrication of nanocatalysts
[62], but also unique in yielding porous metal nanocatalysts and
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high-index-facet metal nanocrystals [63-65]. For example, a series of
high-index-facet noble metal nanocrystals has been synthesized via
electrochemical methods based on square-wave potential [66,67]. As
such, the electrochemical synthesis method is believed to demonstrate
promising potential in realizing PEN, particularly in the direct synthesis
of various electrocatalysts. It is possible to tailor the phases of metal
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nanocrystals by tuning various parameters during electrochemical syn-
theses, such as electrolyte composition, substrate surface, and applied
potential.

Recently, in situ electrochemical structural tuning of nanocatalysts
[68-70] during electrocatalysis has received intensive attention. Some
essential properties of metal nanocatalysts, such as electronic structure
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[71] and lattice strain [72], can be tailored by this strategy. For instance,
by the in situ reduction of oxidized Cu during the CO2RR, abundant grain
boundaries were created in the Cu nanocatalysts, resulting in enhanced
activity and selectivity for producing multi-carbon products [73,74]. In
addition to designing and tailoring the crystallographic structures of
metal nanocatalysts via electrochemical treatment, it is essential to note
that some nanocatalysts undergo in situ phase transformation during
electrochemical tests. Recently, Sheng et al. utilized in situ X-ray ab-
sorption spectroscopy and in situ X-ray diffraction to study the in situ
phase transformation from fcc Pd to f-phase PdH during CO2RR testing
(Fig. 4a) [75]. Compared to the fcc Pd, the p-phase PdH showed much
weaker adsorption strength with *CO, indicating enhanced
anti-poisoning capacity towards CO. In another work, Gao et al. reported
that the phase transformation behavior of Pd nanoparticles was influ-
enced by the magnitude of applied potential during the CO2RR [76]. At
less negative potentials (above —0.2 V versus (vs.) reversible hydrogen
electrode (RHE)), the formation of a layer of H-adsorbed Pd on the PdH,
cores with mixed a and p phases was identified, while at potentials more
negative than —0.5 V (vs. RHE), the formation of a Pd layer on the
B-phase PdHy core was observed. Besides the phase transformation from
Pd to PdHy, partial surface roughening and amorphization of ultrathin Pd
nanosheets were also observed during long-term electrolysis (Fig. 4b)
[771.

Electrodeposition is another effective strategy to prepare metal
nanocatalysts with amorphous phase, heterophase, or crystallographic
defects. For example, Bi nanocatalysts with high amorphous phase con-
tent were prepared by Medina-Ramos et al. via electrodeposition on a
glassy carbon disk electrode in a COq-saturated acetonitrile solution
containing 300 mM imidazolium-based ionic liquid [78]. In another
work, heterophase crystalline/amorphous Cu-In dendrites with an ~5
nm thick amorphous overlayer were electrodeposited on Au-sputtered Si
substrate in 0.5 M HySO4 containing Cu (II) and In (III) salts [79]. The
dendritic morphology could be affected by the In content, giving tunable
CO/H; selectivity to the Cu-In nanocatalysts in the CO,RR. Besides
amorphous and heterophase structures, programmed electrodeposition
can also induce the formation of defect-rich nanocatalysts. For instance,
Tang et al. applied a pulsed electrodeposition method to prepare Cu
nanocatalysts with highly dense TBs with a twin width of 16 nm [80].
The TB density could be further controlled (the most probable twin width
ranged from 16 to 265 nm) by annealing treatment at different
temperatures.

3.3. Heat treatment

Heat treatment represents another important method that can tailor
the atomic arrangement of metallic nanocatalysts. In particular, bime-
tallic nanocatalysts with controlled phases, including phase-separated
alloys as well as ordered intermetallic and disordered alloys, have been
obtained by thermal annealing of pre-synthesized nanocrystals. One
representative work is a phase-dependent activity study of bimetallic
Cu-Pd nanocatalysts with varied phase patterns [46]. Disordered Cu-Pd
alloy nanoparticles were first synthesized by one-pot colloidal synthesis,
and then annealed under a pure Hy atmosphere at high temperature,
facilitating the phase transformation to an ordered Cu-Pd intermetallic
structure. The phase-separated Cu-Pd nanoparticles were synthesized by
separating the reduction sequence of Pd and Cu precursors during the
colloidal growth. These Cu-Pd nanocatalysts with adjustable composi-
tions from CuPds to CusPd were used to investigate the effects of phase
and composition on their catalytic performances for the CO3RR.
Recently, Kim et al. discovered the disorder-to-order transformation of
Au—Cu bimetallic nanoparticles via a thermal annealing process and
investigated the effects of atomic ordering degree on the CO2RR (Fig. 4c)
[81]. Specifically, it was found that heat treatment would partially
convert disordered Au-Cu nanoparticles into an ordered phase at 300 °C
with ~80% of the atoms in the ordered lattice positions. Using a similar
methodology, Jia et al. studied the phase transformation of Pd3Bi from
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intermetallic to solid solution alloy upon thermal annealing at 500 °C for
2 h under Nj. It is worth noting that this solid solution phase was not
expected in the Pd-Bi phase diagram. The authors presumed that the size
effect of Pd3Bi nanoparticles might be an important reason for the for-
mation of this unconventional phase [82]. In another work, Yu et al.
synthesized unconventional fct Au overlayers on intermetallic AuCug
nanocrystals [37]. The AuCuy s nanocrystals were first prepared by the
colloidal synthesis method and then annealed in oleylamine solution at
300 °C for 1 h to produce intermetallic AuCus nanoparticles with 3-4
atomic overlayers of Au in the fct phase (Fig. 4d). The authors proposed
that the formation of metastable fct Au may have derived from the
interfacial strain between the Au overlayer and the intermetallic AuCus
core.

3.4. Other methods

Apart from the aforementioned methods, some other approaches
have also been applied to achieve PEN of metal nanocatalysts for the
CO2RR. Using an alloying-dealloying methodology, unconventional
phases of Cu-based nanocatalysts have been obtained. For example, Xu
et al. prepared several carbon-supported Cu nanocatalysts with different
Cu loadings by an amalgamated Cu-Li method [83]. The unique syn-
thesis procedure involved dissolving bulk Cu in molten lithium, con-
verting Li to LiOH under humidified air, blending with carbon, and
finally leaching away LiOH with water (Fig. 4e). When the loading
content of Cu was 0.4 wt.%, Cu atoms existed as isolated single atoms. As
the Cu content increased to 0.8 wt.%, isolated Cu single atoms and Cu
clusters were formed. With the Cu loading further increased to 1.6 wt.%,
a mixture of highly dispersed Cu single atoms and amorphous Cu nano-
clusters was observed. The authors found that the migration and aggre-
gation of Cu were remarkably weakened by the carbon blending and
LiOH leaching, so most of the Cu atoms were able to stay atomically
dispersed. In another recent work, Hu et al. also used an
alloying—dealloying method to synthesize amorphous CuTi alloys with
coordinatively unsaturated Cu sites for the production of multi-carbon
liquid feedstock via the CO2RR [84]. The amorphous CuTi alloys with
varied compositions were obtained by first mixing and melting Cu and Ti
granules in controlled stoichiometric ratios and then rapidly quenching
these in an argon atmosphere, followed by an etching process in a 5% HF
solution to dissolve the superficial Ti atoms and obtain the final
Cu-insufficient amorphous CuTi phase.

4. Brief discussion of reaction pathways of the CO.RR

CO;, usually exhibits a stable state due to its linear and centrosym-
metric molecular structure [85]. To drive the CO2RR efficiently, CO,
molecules should be absorbed and activated on active sites to form
proper chemical intermediates [86]. As the chemical conversions occur
on the surface of catalysts, material structures, compositions, and surface
properties play a key role in determining the CO, conversion efficiencies
towards different products. Moreover, tuning catalyst structures and
compositions as well as having a fundamental understanding of the
surface reactions hold the key to realizing the full potential of many
promising electrocatalysts.

Different types of metal catalysts show diverse adsorption strengths
and configurations with different intermediates, thus generating diverse
products in the CO2RR (Fig. 5). The reaction pathways and mechanisms
for generating C; and Cy, products during the COoRR on metal nano-
catalysts have been well explored experimentally and theoretically [87].
After the initial CO4 activation to CO, ~ radical, *CO is normally regar-
ded as the primary intermediate for major value-added chemicals [88],
such as CO and alcohols, while *CHO is considered the in-process in-
termediate for CH4 and CH30H [89]. Non-close-packed crystal structures
might favor the formation pathway to formyloxyl (*OCHO) species [2,
39]. By comparison, most metal nanocatalysts with close-packed crystal
structures might facilitate the formation of carboxyl (*COOH)
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Fig. 5. Periodic table of metal catalysts for CO2RR, and corresponding Faradaic efficiencies (FEs) of the major catalytic products [94,95]. The products are distin-
guished by different colors, i.e., Hy (red), CO (blue), formate (yellow), hydrocarbon (green).
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Fig. 6. (a) High-resolution Transmission Electron Microscope (HRTEM) image of Au needle tip, indicating no obvious facets or adatoms. (b) CO FEs on Au needles
(red), rods (blue), and particles (black) at —0.1 to —0.5 V (vs. RHE). Reproduced with permission from Ref. [100]. Copyright 2016, Nature Publishing Group. (c)
Schematic atomic models of Au nanoparticles with vacancies. (d) CO FEs on 3 nm (red), 4 nm (blue), and 5 nm (green) Au quantum dot-derived Au nanocrystals, Au
nanoparticles (violet), and Au pentagonal nanoparticles (black) at different applied potentials ranging from —0.1 to —0.6 V. Reproduced with permission from
Ref. [101]. Copyright 2019, Cell Press. (e, f) HRTEM images of Ag nanowires with a diameter of 25 nm. (g) Schematic drawing of 5-fold twinned Ag nanowires. (h) FEs
of all gas-phase products over 5-fold twinned Ag nanowires with a diameter of 25 nm. Reproduced with permission from Ref. [102]. Copyright 2018, Elsevier. (i)
Enlarged HRTEM images of hexagonal Co; (j) the related schematic atomic models, clearly showing a distinct atomic configuration corresponding to hexagonal Co. (k)
FEs of formate at each given potential for partially oxidized Co with 4-atom-thick layers (red), Co with 4-atom-thick layers (blue), partially oxidized bulk Co (violet),
and bulk Co (black). Reproduced with permission from Ref. [105]. Copyright 2016, Nature Publishing Group. (1) Surface morphology of prepared h-Zn nanocatalysts.
Reproduced with permission from Ref. [107]. Copyright 2016 John Wiley & Sons, Inc.
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intermediate, rendering the kinetically more favored CO5-to-CO pathway
[90]. Some post-transition metal nanocatalysts, such as Au, Ag, Pd, and
their alloys, typically catalyze the electrochemical CO2RR to CO [91],
and main group metals such as Sn and In prefer to produce formate
through the CO,RR. Nanocrystalline Cu and Cu-based nanocatalysts are
typically favorable for producing Cy products such as hydrocarbons and
oxocarbons through the CO2RR. Promisingly, with the high selectivity
and efficiency of CO»-to-CO conversion, electrocatalytic upgrading of
CO, instead of COg, to higher-value Cy (ethylene) [92] or C3 (propanol)
[93] feedstocks has been well investigated as another attractive alter-
native to producing multi-carbon products.

Importantly, nanomaterials with unconventional phases can greatly
enrich the catalyst library and bring extra opportunities to further
improve CO2RR performance. For instance, the atomic packing configu-
ration of the unconventional phase is different from that of its conven-
tional counterpart, which may show distinct binding strength towards
CO, and intermediates. Therefore, investigations into metal nano-
catalysts with unconventional phases for the COoRR may yield better
mechanistic understandings on the structure-property relationship.

5. Phase engineering of metal nanocatalysts for the CO2RR

As electrochemical reactions occur on the surface of nanocatalysts,
catalytic COoRR performance is significantly affected by their surface
structures, which can ultimately be affected by their crystal structures. To
date, most reported metallic nanocatalysts adopt their thermodynamic
stable phase, similar to their bulk counterparts [96]. However, recent
studies on PEN have demonstrated the great potential of unconventional
phases for enhancing the electrocatalytic performance of metal nano-
catalysts [97]. In addition, as a unique type of phase, the amorphous
structure with a highly disordered atomic arrangement has also attracted
considerable interest in electrocatalysis.

5.1. Metal nanocatalysts with conventional phases for the CO2RR

The conventional phase of metals typically represents their thermo-
dynamically stable phase in bulk size. In this section, metal nanocatalysts
with conventional phases, including representative transition metals and
main group metals, are introduced. As a special class of transition metal
nanocatalyst, Cu nanocatalysts are discussed separately. Some repre-
sentative bimetallic structures are presented at the end of the section.

5.1.1. Transition metal nanocatalysts

Transition metal nanocatalysts have drawn extensive attention in
electrocatalysis due to their outstanding stability, high activity, and
electrical conductivity. A number of transition metals, including Au, Ag,
Zn, and Pd, have been engaged to drive the CO2RR [98].

fec transition metal nanocatalysts: Au is one of the most efficient
nanocatalysts for generating CO in the electrocatalytic CO2RR [99]. To
date, various Au nanostructures have been developed as highly efficient
CO2RR electrocatalysts [97]. For example, Liu et al. reported that fcc Au
nanoneedles (Fig. 6a) prepared by an electrodeposition method dis-
played a Faradaic efficiency (FE) of about 95% towards CO at —0.35 V
(vs. RHE) in COy-saturated 0.5 M KHCO3 pH=7.2, which is much higher
than that of Au nanorod and nanoparticle counterparts (Fig. 6b) [100].
Au needles also demonstrated stable current density at a potential of
—0.35V for 8 h. The superior performance was ascribed to the sharp tip
of Au nanoneedles. Similar results were also demonstrated for fcc Pd
nanoneedles. Compared with Pd nanoparticles, nanorods, and
oxide-derived noble metal counterparts, the Pd nanoneedles exhibited a
stable current density of 10 mA cm 2at—0.2Vanda FEformate of 91% at
—0.2 V (vs. RHE) throughout the electrocatalytic process [100]. Simul-
taneously, it was demonstrated that the Pd(100) crystallographic planes
showed higher catalytic activity than the (111) planes because of its
comparatively low binding strength towards CO [77]. These promising
results motivated strong interest in tuning the structures and crystal faces
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of fcc noble metal nanocatalysts for electrocatalysis. Thus, the intro-
duction of vacancies into noble metal nanocrystals (quantum dot-derived
nanocatalysts) was developed to efficiently tune the structures of fcc
noble metals for the CO2RR. Liu et al. reported the synthesis of quantum
dot-derived Au nanocrystals (Fig. 6¢), which possessed a high density of
homogeneously dispersed atomic defects and vacancies [101]. Compared
with other control samples (4 nm Au nanocrystals, 5 nm Au nanocrystals,
Au nanoparticles, and Au pentagonal nanoparticles), the 3 nm quantum
dot-derived Au nanocrystals exhibited the highest FE (~95%) for pro-
ducing CO (Fig. 6d). It is noteworthy that the onset of the CO3RR
occurred at a potential of —0.16 V (vs. RHE) on the 3 nm quantum
dot-derived Au nanocrystals, which was significantly lower than that of
their nanoparticle counterpart [101]. Similar results were also demon-
strated for dot-derived Pd nanocrystals. Apart from Au and Pd, other fcc
transition metals with similar structures, such as Ag [24], have also
shown high performance towards the CO;RR. Various crystallographic
defects of metal nanocatalysts, such as TBs [34,35] and SFs [85], could
also be employed to promote their CO2RR performance. For instance,
5-fold twinned Ag nanowires with rich TBs (Figs. 6e-g) possessed
remarkably enhanced FEs for producing CO over a broad potential range
(—0.756 to —1.156 V) with a maximum FE value of 99.3% at —0.956 V
(vs. RHE) (Fig. 6h) [102].

Despite the importance of noble metal nanocatalysts, most of them
produce Hj gas at low reduction potentials, lowering the FE of the
CO2RR. Moreover, the high cost and low utilization of noble metals have
greatly limited their practical application. Therefore, non-noble metal
nanocatalysts that are cheap and possess comparably high activity are
receiving increasing attention.

hcp transition metal nanocatalysts: Co (with conventional hep phase) is
a promising electrocatalyst because it has loosely bonded d-electrons and
high electrical conductivity [103]. Recently, Yin et al. reported that
ferromagnetic hep Co nanosheets were selective to ethanal (CH3CHO) in
the CO2RR [104]. The Co nanosheets exhibited a high FE for CH3CHO of
~60% at —0.4 V (vs. RHE) (the total FE for CH3CHO, C,HsOH, and
CH3OH was 82%). Moreover, Gao et al. synthesized four-atomic-layer
thick Co nanosheets with an hcp phase and an oriented (001) surface
(Figs. 6i and j) through a ligand-confined growth strategy [105]. It was
discovered that partially oxidized Co nanosheets could drive the CO2RR
with a maximum FE of 90.1% towards formate at —0.85 V vs. saturated
calomel electrode (SCE) in 0.1 M NaySO4 (pH = 6) (Fig. 6k). Notably, the
catalytic performance of the partially oxidized Co nanosheets was su-
perior to that of pure Co nanosheets, bulk Co with partial oxidation, and
bulk Co under the same reaction conditions. Similarly, Zn-based nano-
material, with hcp phase as the conventional phase, is another econom-
ical alternative for the CO2RR. For example, Jeon et al. synthesized Zn
nanoparticles with sizes ranging from 1.7 to 6.8 nm via an inverse micelle
encapsulation method [106]. The experimental results showed that the
main products were CO and Hj for all these samples, with about 5%
formate as a minor product. The as-prepared Zn nanoparticles with sizes
from 3 to 5 nm showed a high FE¢o of ~70% at —1.1 V (vs. RHE) in 0.1 M
KHCOs. In another report, hierarchical hcp Zn nanocatalysts were pre-
pared by an electrodeposition method and demonstrated a high FE of
85.4% at —0.95 V (vs. RHE) for CO production, delivering 60 times the
CO partial current density of Zn foil (Fig. 61) [107]. It was found that the
Zn(101) facet contributes to CO formation at lower potentials by effec-
tively stabilizing a *COOH intermediate, whereas the Zn(002) facet is
conducive to Hy evolution.

5.1.2. Cu nanocatalysts

fec Cu nanocatalysts: Cu is one of the most attractive monometallic
electrocatalysts for its unique ability to convert CO5 to multi-carbon and
hydrocarbon products [108,109]. The conventional phase of Cu is fec,
which has been widely investigated for the CO2RR [110].

To date, engineering the surface features of Cu, such as facets, grain
boundaries, etc., has been the focus to optimize the COoRR performance
of fce Cu nanocatalysts [111]. For instance, Luc et al. introduced the
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preparation of (111)-enclosed Cu nanosheets (Fig. 7a), which demon-
strated a maximum FE of ~70% for Cy; products with a maximum ace-
tate FE of ~48% in 2 M KOH [112]. In another work, Wang et al.
prepared fcc Cu nanocubes by in situ electrodeposition of Cu under CO,
flow, which preferentially exposed Cu(100) facets. The as-prepared
sample showed 70% coverage by Cu(100) facets (Fig. 7b) and conse-
quently achieved a FE of 90% for Co; products at —0.67 V (vs. RHE), with
a CoHy FE of ~70% in 7 M KOH [113]. Chen et al. further found that the
Cu(110) facet could promote the anhydrous dehydrogenation of CHsOH,
CoHsOH, and 1-propanol to their corresponding aldehyde products
[114].

What is more, the introduction of rich TBs on the surface of Cu
nanocrystals can also tune their surface activity and thus improve the
CO2RR performance. For example, star decahedron Cu nanoparticles
with highly dense TBs prepared by Tang et al. showed high selectivity
towards CHy, with a FE of 59% at —1.6 V in 0.2 M NaHCOj electrolyte
[80]. In another example, unique 5-fold twinned star decahedron Cu
nanoparticles (Figs. 7c-e) with continuous TBs and multiple hcp SFs
delivered a high FEc,n, of 50.7% at —0.98 V (vs. RHE) in 0.1 M NaHCO3
electrolyte [51].

5.1.3. Main group metal nanocatalysts
rho and bct metal nanocatalysts: Bi typically crystalizes in the rho
phase, and Sn typically shows the bct phase, both of which are
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attractive in electrocatalysis due to their low cost and non-close-packed
structures [115]. Various nanostructures have been prepared, including
clusters and nanosheets. For instance, Fan et al. prepared n-butyl
lithium-treated Bi nanocatalysts with rich grain boundaries (GBs)
(Fig. 7g) by using a chemical Li tuning method [116]. The GB-rich Bi
nanocatalysts exhibited high activity, selectivity (maximum FE of
~97% at —0.77 V (vs. RHE)), and stability (~100 h) towards formate
production. The abundant GBs and high surface area were mainly
responsible for the enhanced catalytic performance. In another
example, Yang et al. prepared 2D mesoporous Bi nanosheets that
exhibited excellent FEgymate of ~99% at —0.9 V (vs. RHE) and satis-
factory stability (Fig. 7f) [43]. Based on the density functional theory
(DFT) results, the (101) and (111) facets of Bi can stabilize the OCHO*
intermediate, contributing primarily to formate production. Similarly,
Sn nanosheets have been prepared and demonstrated an outstanding
FEformate Of 89% at —1.8 V vs. SCE [117].

5.1.4. Bimetallic nanocatalysts

Alloying or constructing bimetallic heterostructures can be effective
methods to decrease the energy barriers of catalytic reactions and pro-
mote charge transfer during the CO2RR, and eventually modulate the
reaction pathways to achieve better performance towards target prod-
ucts. Specifically, these bimetallic electrocatalysts show significant ad-
vantages: (1) unique electronic structures that can regulate the binding
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energy of major intermediates (e.g., *OCHO and *COOH) for the CO-RR;
(2) the capacity to integrate several electrochemical transformations in a
single process to realize multi-step CO2RR reactions; and (3) improved
catalytic stability.

Cu has attracted considerable interest for building Cu-based bime-
tallic nanomaterials to tune the reaction pathways of the CO,RR [89].
To date, a broad range of metals (e.g., Ag, Au, Co, Zn, Bi, etc.) have been
successfully alloyed with Cu for the CO3RR [118,119]. The choice of
secondary metal is critical in tuning the adsorption energies of reaction
intermediates and thus greatly affects the final catalytic performance.
For example, it has been found that the integration of Bi with Cu can
adjust the bonding strength of critical intermediates during the CO2RR
and give superior COoRR properties [120]. Zhang et al. reported the
growth of lattice-dislocated Bi nanowires on a Cu foam by using in situ
electrochemical transformation under thermal treatment in air. The
nanocatalysts were active for CO, reduction towards formate formation
with a low potential, attaining an FE¢ymate Of 95% at —0.7 V (vs. RHE)
[121]. The high catalytic activity of the Cu-Bi electrode could be
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ascribed to the unique porous structure as well as the presence of lattice
dislocations in the nanowires.

Importantly, by controlling the degree of atomic ordering and dis-
tribution of different metal elements in the bimetallic nanostructures,
the catalytic performance can also be tuned. For example, Ma et al.
designed bimetallic Cu-Pd nanocatalysts with different degrees of
atomic ordering (ordered, disordered, and phase-separated) to compare
their catalytic performance in 1 M KOH [46]. The ordered CuPd
nanocatalyst exhibited superior FE for C; products (> 80%) (Fig. 7h). In
contrast, the phase-separated CuPd and the disordered CusPd nano-
catalysts showed better selectivity (> 60%) for C chemicals than CuPd3
and ordered CuPd nanocatalysts, demonstrating that the dimerization
of C; intermediates may be more favored on surfaces with neighboring
Cu atoms. Ma et al. recently investigated crystal phase-dependent
CO4RR performance towards CaHy production by using Ag—Cu Janus
nanostructures. Ag-Cu heterostructures with (100) crystallographic
planes demonstrated high selectivity in the electrochemical CO;RR
towards Cy.. products (Fig. 7i). The obtained Aggs—Cuss nanostructures
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exhibited a superior overall FEc,q, of 54% and a Cy,. product FE of 72%
in 0.1 M NaHCOs3 [122]. It was suggested that the binding energy be-
tween CO and Cu is higher than that of Ag. Thus, the CO intermediates
formed on Cu accumulate in large quantities at the Ag-Cu interface,
which favors C-C bond formation by coupling.

5.2. Metal nanocatalysts with unconventional crystal phases for the
CO2RR

With the recent development of PEN, a broad range of metal nano-
catalysts with unique unconventional crystal phases have been prepared,
demonstrating outstanding performance in the electrocatalytic CO2RR.

5.2.1. Au nanocatalysts with unconventional crystal phases

To date, a variety of Au nanocatalysts with unconventional phases
have been studied for the CO2RR, including 4H [33], 4H/fcc heterophase
[33], and well-defined fcc-2H-fce heterophase [34]. By using 4H/fcc Au
nanorods as a template, 4H/fcc Au@Pd nanorods were successfully
prepared in high yield through a one-pot, facile, wet-chemical strategy
[60]. The catalytic performance differences between the conventional fcc
Au, the unconventional 4H Au, and the heterophase 4H/fcc Au were

eScience 2 (2022) 467-485

studied by Wang et al. (Figs. 8a—c), who found that the abundant
undercoordinated sites were active towards the COoRR [33]. Interest-
ingly, the unconventional 4H/fcc Au showed a FE¢p of 90% at —0.7 V (vs.
RHE), which was much higher than the FE¢o of 64% at —0.6 V of con-
ventional fcc Au nanorods (Fig. 8d). 4H Au nanoribbons also exhibited an
excellent FEco of 90% at —0.7 V [33]. The catalytic performance dif-
ferences between conventional fcc Au nanorods, unconventional 4H Au
nanoribbons, and heterophase 4H/fcc Au nanorods indicated that the
abundant undercoordinated sites were active towards the CO5RR. A later
study by Wang et al. [123] suggested that with proper surface modifi-
cation, the CO2RR performance of 4H/fcc Au nanorods could also be
tuned. They prepared 4H/fcc Au nanorods modified with 5-mercapto-1--
methyltetrazole (MMT) and demonstrated that the MMT activated the
nanocatalyst surfaces of both fcc and 4H phases and lowered the reaction
barriers. Very recently, a new type of heterophase Au — well-defined
fcc-2H-fee heterophase Au (Fig. 8e) [34] — was also studied for the
CO2RR. The fce-2H-fce Au nanorods showed a FEcg of 98.2% at —0.6 V
(vs. RHE) in 0.5 M KHCOg3, which was superior to their fcc counterparts
towards CO production (Fig. 8f). Further, the partial current density (Jco)
for CO on the fcc-2H-fcc Au nanorods was significantly enhanced
compared with fcc nanorods and nanoparticles. DFT calculations
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illustrated that the free energies on 2H(110) and 2H(110)/fcc(101)
surfaces are usually lower than on the corresponding fcc surfaces. It was
further suggested that the reaction path on the fcc-2H-fcec Au surface
included a single-electron transfer process and a subsequent
rate-determining *COOH formation step.

Our group reported the synthesis of well-defined heterophase fce-2H-
fcc PA@Au core-shell nanorods via a seeded growth method [35]. The
FE(o of the fcc-Au nanorods and fec PA@Au nanoparticles showed typical
volcano-type plots with FE peaks located at —0.6 V, whereas the peak of
the fcc-2H-fcc PA@Au nanorods was located at —0.5 V (vs. RHE)
(Fig. 8g). Note that the FE¢o of the fcc-2H-fec PA@Au nanorods remained
at over 90% in a broad applied potential range between —0.4 V and —0.9
V. In addition, the highest FEcq of the fcc-2H-fcc PA@Au nanorods was
~98.7% at —0.5 V (vs. RHE) in 0.5 M KHCOs3, much higher than those of
fcc-Au nanorods, fcc PA@Au nanoparticles, and 2H-Pd nanoparticles.
Moreover, the fcc-2H-fcc PA@Au nanorods exhibited large Jco from —0.4
to —0.9 V (vs. RHE). By normalizing the J¢o to the active surface areas,
the fcc-2H-fce PA@Au nanorods illustrated a remarkably higher specific
Jco than the fcc PA@Au nanoparticles and fce-Au nanorods. The results
indicated the superior intrinsic activity of the heterophase nano-
structures. The Tafel slope of the fcc-2H-fcc PA@Au nanorods was 70.7
mV dec! (Fig. 8h). In addition, the fcc-2H-fcc Pd@Au nanorods
demonstrated excellent long-term durability during the electrochemical
CO2RR process. As shown in Fig. 8i, both the Jgo and the FE¢g decreased
only slightly after 45 h of stability testing. It was therefore suggested that
the unconventional 2H-Au and 2H/fcc phase boundaries in the fcc-2H-fee
Pd@Au nanorods were conducive to boosting the CO,RR properties.

5.2.2. Cu nanocatalysts with unconventional crystal phases

In addition to Au, Cu nanocatalysts with unconventional phases have
also been prepared and studied for the CO2RR. By using 4H and 4H/fcc
Au as templates, 4H Au@Cu and heterophase 4H/fcc Au@Cu nano-
catalysts (Fig. 9a) were prepared, respectively [36]. Both samples were
stable during the CO;RR from —0.4 to —1.20 V (vs. RHE) in 0.1 M
KHCOs. Notably, 4H Au@Cu and 4H/fcc Au@Cu nanocatalysts with
unconventional crystal phases exhibited outstanding overall CO2RR FEs
of ~88% at —0.75 V (vs. RHE) and ~91% at —0.82 V (vs. RHE),
respectively (Figs. 9b and c). Both 4H and 4H/fcc Au@Cu nanocatalysts
possessed outstanding CO2RR current densities and low onset potentials,
in contrast with their fcc Cu counterparts. Notably, the C, products, e.g.,
ethylene (C2Hy4), were obtained when more negative reduction voltages
were applied. The excellent FEc,n, of 4H and 4H/fcc Au@Cu nano-
catalysts reached 44.9% at —1.11 V (vs. RHE) and 46.7% at —1.17 V (vs.
RHE), respectively (Fig. 9d). In addition, much higher CoHy partial cur-
rent densities were obtained when using the 4H and 4H/fcc Au@Cu
nanostructures as CO2RR catalysts rather than fcc Cu nanoparticles. DFT
results illustrated that CoH4 generation was more favored on the surface
of 4H phase and 4H/fcc interfaces, resulting in higher selectivity for
CoHy. Therefore, it would be promising to continue developing uncon-
ventional structures of 4H and 4H/fcc Au@Cu to enhance their catalytic
activity and CoHy selectivity during the COsRR.

5.2.3. Other metal nanocatalysts with unconventional crystal phases

Up to now, several kinds of bimetallic nanocatalysts with unconven-
tional phases, such as fct AuCu@Au [37] and core-shell Cu@SnO-, [38],
have been prepared and utilized for the electrocatalytic COoRR [124]. For
example, Yu et al. reported the growth of AuCus@Au core-shell structures
by growing metastable fct Au overlayers on intermetallic AuCuz nano-
crystals (Fig. 9e) [37]. The fct Au overlayer (three to four atomic layers)
was epitaxially coated on the surface of AuCus due to interfacial strain
between the Au layers and the intermetallic AuCug core. The FEs for CO
formation over AuCug@fct Au core-shell nanoparticles and fcc Au nano-
particles were determined at potentials between —0.6 and —1.0 V (vs.
RHE). The atomically ordered AuCus@fct Au core-shell nanoparticles
displayed superior selectivity in a wide potential window, in contrast with
fee Au nanoparticles, showing a higher CO FE of 94.5% at —0.8 V (vs. RHE)
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than that of fcc Au nanoparticles. What is more, Luc et al. demonstrated
that the orthorhombic intermetallic e-phase Ag;6Sny4 nanocatalyst
(Fig. 9f) could achieve remarkable electrochemical performance in the
CO2RR, with a maximum formate FE of 87.2% at —9.0 V (vs. RHE) [31].

Construction of metal-based heterostructures is another effective
method to prepare metal nanocatalysts with unconventional phases and/
or defects. Our group reported the synthesis of multi-phase crystalline Cu
with unconventional crystal phases (e.g., 2H, 4H, and 6H) and defects
(e.g., TBs and SFs) by a wet-chemical method. The multi-phased crys-
talline Cu was encapsulated by amorphous SnO» to form hemicapsule
nanostructures (Fig. 9g) [38]. Compared with the CO3RR FEs of yolk—
shell Cu@SnO, (88.8% at —1.05 V (vs. RHE)) and core-shell Cu@SnO,
nanocatalysts (89.0% at —1.35 V), the Cu@SnO; nanocatalyst presented
a superior FEcg of 25.3% and a FEgymate of 70.0%. The total FE of the
CO2RR was about 95.3% at —1.45 V (vs. RHE), as shown in Fig. Sh. It was
suggested that the co-existence of thermodynamically stable fcc and
unconventional hep phases, together with abundant planar defects, in the
multi-phase Cu core contributed to the outstanding CO2RR performance.

5.3. Metal nanocatalysts with amorphous phase for the CO2RR

While many reports have focused on crystalline nanocatalysts, metal
nanomaterials with amorphous phase are becoming another promising
candidate for the CO,RR [125]. Compared to crystalline materials,
amorphous materials generally have large amounts of under-coordinated
and disordered atoms, which may provide more active sites for anchoring
CO3, atoms for subsequent conversion.

5.3.1. Amorphous metal nanocatalysts

As a typical example, amorphous Cu nanoparticles showed excellent
performance towards the generation of Cy, liquid products during the
CO2RR [32]. As shown in Figs. 10a-c, the amorphous Cu nanoparticles
presented a superior FEycoon of 37% and a FEc,u,on of 22% at —1.40 V
(vs. Ag/AgCl). The total FE of the CO2RR reached 59%. In comparison,
the fcc Cu nanoparticles displayed a FEycoon of only 26%. The amor-
phous structure could increase the active specific surface area and
improve CO; adsorption ability for the CO2RR [32]. In another example,
Xu et al. reported the synthesis of amorphous Cu nanoparticles by deal-
loying from a Cu-Li solid solution [83]. It was found that Cu migration
and aggregation were weak, so an atomically amorphous structure was
formed, driving the CO2RR for selectively producing CoHsOH with a high
FE of 91% at —0.7 V (vs. RHE) (Fig. 10d). In addition, the amorphous
metal nanocatalysts exhibited a wider voltage range with superior
CO2RR performance compared to their crystalline counterparts. Amor-
phous Bi and Sn nanomaterials are also attractive in the CO2RR [78]. As
another example, Zheng et al. designed sulfur-modulated Sn nanocatalyst
with a uniform amorphous layer (2-3 nm) through an atomic layer
deposition and subsequent electrochemical in situ reduction process
(Figs. 10e and f) [30]. The Sn in the obtained amorphous Sn(S) nano-
materials showed higher oxidation states than that of Sn nanoparticles.
The amorphous Sn-based nanocatalysts enabled highly selective elec-
trochemical reduction of CO5 to formate with a FE of 93% at —0.75 V (vs.
RHE). The outstanding catalytic activity of formate production is
ascribed to undercoordinated Sn sites in the amorphous Sn layer [117].

5.3.2. Metal nanocatalysts with amorphous/crystalline heterophase
Hybridizing the amorphous phase with other crystalline phases is also
promising for realizing a highly efficient COsRR. For example, phase
engineering of metal nanomaterials by phase transformation between
amorphous and crystalline phases offers new opportunities for modu-
lating reaction pathways and enhancing CO;RR performance. Recently,
Hu et al. reported the synthesis of amorphous CuTi alloys with coor-
dinatively unsaturated Cu sites by a melting, spinning, and etching pro-
cess (Fig. 10g) [84]. The designed nanocatalyst could drive the CO2RR to
produce Co 4 with an overall FE of 48.82% at —0.8 V (vs. RHE). It was
suggested that the Ti atoms under the surface donate electrons, and the
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between —1.2 and —1.5 V. Reproduced with permission from Ref. [32]. Copyright 2018, John Wiley & Sons, Inc. (d) FEs for C,HsOH formation at potentials between
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Copyright 2020, John Wiley & Sons, Inc.

Cu active sites attain high oxygen affinity, which stabilizes intermediates
on the nanocatalyst and enhances multi-carbon production.

In addition to Cu, Lum et al. constructed a PdAu dendritic nano-
catalyst consisting of fcc Pd and amorphous Au on a glassy carbon elec-
trode through an electrochemical deposition method [126]. The
nanocatalysts with 3.2 at.% Au showed the highest FE towards ethylene
glycol, 70%, through CO reduction. It was suggested that the addition of
Au boosted the FE and partial current density towards ethylene glycol.
Yang et al. reported unique amorphous Sn-based nanoshells on Sn-Bi
alloy nanoparticles [61], which possessed high formate selectivity, with
the maximum FE reaching 95.8% at —0.88 V (vs. RHE) and FEs above
91.5% in a wide potential range between —0.67 and —0.92 V (vs. RHE)
(Figs. 10h and i). It was suggested that the Bi atoms allowed easier
electron movement from Sn to Bi, thus reducing the energy barrier and
boosting the charge transfer processes. Other types of amorphous
Sn-based nanomaterials, such as In-Sn, Ag-Sn, and Cu-Sn nano-
structures, have also been developed [127] (see Table 1).

6. Challenges and perspectives

This review summarizes the most recent developments in phase en-
gineering of metal nanocatalysts towards the CO2RR. First, various syn-
thesis strategies for controlling the phase of metal nanocatalysts have
been summarized, including the colloidal synthetic method,
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electrochemical method, heat treatment, and some others. Those
methods illustrate the numerous advantages of using phase control with
metal nanocatalysts to obtain unconventional phases (including an
amorphous phase), crystallographic defects (including TBs and SFs), as
well as various hetero-nanostructures. Second, distinct from size,
composition, and architecture controls, phase control focuses on a new
structural parameter and provides another powerful strategy to tune the
catalytic properties of metal nanocatalysts. Crystal phase-dependent
studies demonstrate the phase-dependent behaviors of metal nano-
catalysts and therefore the uniqueness of PEN. These phase-engineered
metal nanocatalysts show excellent performance, in terms of high ac-
tivity, high selectivity, and wide potential window, towards a broad
range of valuable products through adjusting their comparative binding
strength towards CO» and intermediates in the electrocatalytic COoRR. In
all, the exploration of novel synthetic methods for preparing metal
nanocatalysts with unique phases and the investigation of their potential
in the CO2RR are intriguing and promising research directions.
Although great achievements have been made in the field of PEN for
the electrochemical CO,RR, many challenges remain. Firstly, it is still
difficult to produce metal nanocatalysts with rationally designed phases
at commercial scales to enable the future industrialization of CO,RR
electrocatalytic systems. Secondly, various surface ligands are unavoid-
ably involved in colloidal synthesis processes for synthesizing metal
nanocatalysts with novel phases. Different surface ligands play diverse
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Table 1

Summary of representative metal nanocatalysts with conventional, unconventional, and amorphous phases towards the CO,RR.

Crystal phase

Metal nanocatalysts

Synthetic strategy

CO,RR main product
@electrolyte (pH, if
mentioned)

FE/potential

Stability

Ref.

Metal nanocatalysts with
conventional phases

Metal nanocatalysts with
unconventional crystal
phases

Transition metal
nanocatalysts (excluding
Cu)

Cu nanocatalysts

Main group metal
nanocatalysts

Bimetallic nanocatalysts

Au nanocatalysts with
unconventional crystal
phases

Cu nanocatalysts with
unconventional crystal
phases

Other metal
nanocatalysts with
unconventional crystal
phases

Au needles
Pd needles

Au quantum dot derived
nanocatalysts

5-fold twinned Ag nanowires
Ferromagnetic hep Co nanosheet

Partially oxidized Co nanosheets

Zn nanoparticles
Hierarchical hep Zn

(111)-enclosed Cu nanosheets
Cu with exposed (100) facets

Cu with twin TBs —16 nm
Star decahedron Cu nanoparticle
with TBs

Bi nanocatalyst with rich grain
boundaries (GBs)

Mesoporous Bi nanosheets

Sn nanosheets

Lattice-dislocated Bi nanowires

Phase-separated CuPd
Ag—Cu Janus nanostructures

4H nanoribbons

4H/fcc Au nanorods
fec-2H-fee Au nanorods
fee-2H-fec PA@Au nanorods
4H/fcc Au@Cu

fet AuCuz@Au

Orthorhombic intermetallic
e-phase Ag7¢Sny4 nanocatalyst
Cu with unconventional crystal
phases (e.g., 2H, 4H, and 6H) @
amorphous SnO, shell

Electrodeposition
Electrodeposition

Colloidal synthesis
followed by in situ
electrochemical
reduction

Colloidal synthesis
Colloidal synthesis with
exfoliation method
Colloidal synthesis

Colloidal synthesis
Electrodeposition

Colloidal synthesis
Electrodeposition

Electrodeposition
Colloidal synthesis

Chemical lithium tuning
method

Colloidal synthesis
Colloidal synthesis

Galvanic replacement
method followed by in
situ electrochemical
reduction

Colloidal synthesis
Colloidal synthesis

Colloidal synthesis
Colloidal synthesis
Colloidal synthesis
Colloidal synthesis
Colloidal synthesis

Colloidal synthesis and
heat treatment
Colloidal synthesis

Colloidal synthesis

CO @ 0.5 M KHCOs3 (7.2)
Formate @ 0.5 M KHCO3
(7.2)

CO @ 0.5 M KHCO3 (7.2)

CO @ 0.1 M KHCO3
CH3CHO @ 0.5 M KHCO3

Formate @ 0.1 M Na,SO4
(6)

CO @ 0.1 M KHCOg3
CO@0.5M

KHCO3

Cy. products @ 2 M KOH
Acetate @ 2 M KOH

Co, products @ 7 M KOH

C,Hs @ 0.2 M NaHCO4
CoH4 @ 0.1 M NaHCO4

Formate @ 0.5 M KHCO3

Formate @ 0.5 M KHCO3
Formate @ 0.1 M
NaHCO3

Formate @ 0.5 M KHCO3

C; @ 1 M KOH

Cy; @ 0.1 M NaHCO3
C,H; @ 0.1 M NaHCO4
CO @ 0.5 M KHCO3

CO @ 0.5 M KHCO;3

CO @ 0.5 M KHCO3

CO @ 0.5 M KHCO3
Overall CO2RR products/
CoH4 @ 0.1 M KHCOg3

CO @ 0.1 M KHCO3
Formate @ 0.5 M KHCO3

C; products (Formate/
CO) @ 0.1 M KHCO3

95%/—-0.35 V (vs. RHE)
91%/-0.20 V (vs. RHE)

~95%/—0.16 V (vs. RHE)

99.3%/—0.96 V (vs. RHE)
60%/—-0.40 V (vs. RHE)

90.1%/—0.85 V (vs. SCE)

~70%/—1.10 V (vs. RHE)

~85.4%/—-0.95 V (vs. RHE)

70%/—0.60 V (vs. RHE)
48%/—-0.75 V (vs. RHE)
90%/—-0.67 V (vs. RHE)

59%,/—1.60 V (vs. RHE)
52.43% + 2.72% for CoHy
production

at —0.993 + 0.0129 V (vs.
RHE)

~97%/—0.77 V (vs. RHE)

~99%,/—0.90 V (vs. RHE)
89%/—-1.80 V (vs. SCE)

95%/—-0.70 V (vs. RHE)

63%/—0.70 V (vs. RHE)
72%/—-1.20 V (vs. RHE)
54%/—1.20 V (vs. RHE)
90%/—-0.70 V (vs. RHE)
90%/—-0.70 V (vs. RHE)
98.2%/—0.60 V (vs. RHE)

~98.7%/—0.50 V (vs. RHE)

~91%/—-0.82 V (vs. RHE)
46.7%/—1.17 V (vs. RHE)

94.5%/—0.80 V (vs. RHE)

87.2%/—0.90 V (vs. RHE)

95.3% (70.0%/25.3%)/
—1.45 V (vs. RHE)

—0.35V (vs. RHE)/8 h
—0.20 V (vs. RHE)/20 h

—0.30 V (vs. RHE)/80 h

—0.86 V (vs. RHE)/24 h
—0.40 V (vs. RHE)/100 h

—0.85 V (vs. SCE)/40 h

/
—1.10 V (vs. RHE)/30 h

—0.75 V (vs. RHE)/3 h
full-cell
voltage of —3.70 V/65 h

/
—1.00 V (vs. RHE)/12 h

—0.77 V (vs. RHE)/100 h

—0.08 V (vs. RHE)/12 h
—1.80 V (vs. SCE)/50 h

—0.69 V (vs. RHE)/12 h

/
—1.20 V (vs. RHE)/10 h

/
/
—0.60 V (vs. RHE)/24 h
—0.60 V (vs. RHE)/45 h
/
—0.80 V (vs. RHE)/20 h
—0.80 V (vs. RHE)/24 h

—1.05V (vs. RHE)/12 h

[100]
[100]

[101]

[102]
[104]

[105]

[106]
[107]

[112]

[113]

[80]
[51]

[116]

[43]
[117]

[121]

[46]
[122]

[33]
[33]
[34]
[35]
[36]
[37]
[31]

[38]

(continued on next page)
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Table 1 (continued)

Ref.

Stability

FE/potential

CO2RR main product
@electrolyte (pH, if

mentioned)

Synthetic strategy

Metal nanocatalysts

Crystal phase

[32]

HCOOH and C,HsOH @ 59%/—1.40 V (vs. Ag/AgCl) —1.40 V (vs. RHE)/12 h
0.1 M KHCO3

Colloidal synthesis

Amorphous Cu nanoparticles

Amorphous metal
nanocatalysts

Metal nanocatalysts with

amorphous phases

[83]

—0.40 V (vs. RHE)/16 h

91%/—0.70 V (vs. RHE)

C,HsOH @ 0.1 M KHCO5

Amalgamated Cu-Li

method

Amorphous Cu nanoparticles from

Cu-Li solid solution

[29]

—0.75 V (vs. RHE)/60 h

90%/(—0.60 ~ —1.70 V) (vs.

RHE)

Colloidal synthesis CO @ 0.1 M KHCO3

Disordered Ag nanoparticles

[30]

Formate @ 0.1 M KHCO3 93%/—0.75 V (vs. RHE) —0.75 V (vs. RHE)/40 h

Atomic layer deposition

Sn nanocatalyst with a uniform

amorphous layer

[84]

—0.80 V (vs. RHE)/3 month/49%

48.82%/—-0.80 V (vs. RHE)

Co.4 alcohols and ketones
@ 0.1 M KHCO3

Alloying-dealloying

Amorphous phase of CuTi
method

Metal nanocatalysts with
amorphous/crystalline

heterophases

[62]

—0.02 V (vs. RHE)/50 h

Colloidal synthesis Formate @ 0.5 M KHCOs3 95.8%,/—0.88 V (vs. RHE)

Bi-Sn crystalline/amorphous
heterophase structure

SnInOy, films

[127]

—1.00 V (vs. RHE)/10 h

80%/—1.00 V (vs. RHE)

Formate @ 0.1 M KHCO3

Thermal decomposition
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roles in influencing catalytic performance. For example, some surface
ligands may inhibit or facilitate mass transfer processes during the
CO2RR [128,129], while some may affect the adsorption of CO5 or in-
termediates [130], making it more difficult to distinguish the effect of
phases. Thirdly, comprehensive mechanistic studies and theoretical ex-
planations of the formation of unconventional phases, heterophases, and
crystallographic defects via various synthetic methods are still lacking.
Plus, developing a novel PEN method to prepare nanocatalysts without
surface ligands is still a great challenge. This could possibly be realized by
using high-temperature shockwave methods that have been used for
preparing high-entropy metal nanoalloys [131,132]. In addition, a more
comprehensive investigation of the phase-dependent catalytic perfor-
mance (e.g., selectivity, activity, and stability) in the CO,RR is still
desired. Although the reaction mechanisms of the CO2RR have been
studied in some reports, we still lack direct evidence of the catalytic
mechanisms with conventional and unconventional phases of metals to
establish the structure-property relationship. One possible approach is to
monitor the reaction intermediates by applying in situ characterization
techniques such as in situ X-ray absorption spectroscopy, in situ Fourier
transform infrared spectroscopy [133], and in situ Raman spectroscopy
[134]; in this way, information on the adsorption/desorption profiles of
reaction intermediates during the CO2RR could be obtained, verifying
the proposed reaction pathways, which could, in turn, guide nanocatalyst
design and synthesis. Lastly, as a prerequisite for the CO2RR, the stability
of the novel phases of nanocatalysts during electrocatalysis should be
well understood and enhanced. In situ observation tools such as in situ
TEM could be employed to obtain mechanistic insights into the phase
transformation of metal nanocatalysts during the CO2RR, if any.
Furthermore, the fast development in high-throughput calculation may
bring further opportunities to screen for better metal-based CO,RR
electrocatalysts with pre-designed phases [135]. The correlation between
key performance descriptors, such as adsorption energies, d-band center,
as well as coordination number, and the phases of metal nanocatalysts
may be predicted to guide more efficient catalyst design.

In summary, there are many unexplored directions and great oppor-
tunities in the area of PEN for the electrochemical CO,RR. It is believed
that further progress in this promising field will motivate innovations in
the rational design and synthesis of novel nanocatalysts, especially with
unconventional phases, as well as the future development of metal-based
systems on a commercial scale.
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