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Electrochemical carbon dioxide reduction (CO,RR) plays an important role in solving the problem of high
concentration of CO, in the atmosphere and realizing carbon cycle. Core-shell structure has many unique
features including tandem catalysis, lattice strain effect, defect engineering, which exhibit great potential
in electrocatalysis. In this review, we focus on the advanced core-shell metal-based catalysts (CMCs) for
electrochemical CO,RR. The recent progress of CMCs in electrocatalytic CO,RR is described as the follow-
ing aspects: (1) The mechanism of electrochemical CO,RR and evaluation parameters of electrocatalyst

CMCs performance, (2) preparation methods of core-shell metal catalysts and core-shell structural advantages

Electrochemical CO,RR
Tandem catalysis
Lattice strain effect
Defect engineering

and (3) advanced CMCs towards electrochemical CO,RR. Finally, we make a brief conclusion and propose
the opportunities and challenges in the field of electrochemical CO,RR.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As the development of industry and society, the consumption of
fossil fuels has increased seriously [1-5], resulting in excessive CO,
emission [6-11]. The concentration of CO, has reached 412 ppm in
2020, which is higher than the safe limit of 350 ppm [12-15], lead-
ing to a series of environmental problems [16,17]. Therefore, the ef-
ficient means of CO, conversion have been eagerly desired [18-21].
In recent years, electrochemical carbon dioxide reduction (CO,RR)
has attracted wide attention due to the lower energy consumption
and environment friendly processes [22,23]. Metal-based nanos-
tructures are generally employed as catalysts for electrochemical
CO,RR. Although many efforts have been paid, the performance
of CO, conversion and product selectivity are still unsatisfactory.
The chemical stability of CO, leads to the high energy needed
to activate CO, molecule, which is blocking the performance of
CO, conversion. In addition, a wide variety of reduction products
could be achieved owing to the multi-electron transfer mechanism
of CO,RR, resulting in the lower selectivity. Therefore, many re-
searchers focus on the preparation of advanced metal-based cat-
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alysts to boost the activity and selectivity of electrocatalytic CO,RR
[24].

Recently, metal-based electrocatalysts with core-shell structure
(CMCs) have exhibited great potential in electrochemical CO,RR.
For instances, Wu et al. utilized the non-classical epitaxial growth
mediated by bromine anions (Br~) to synthesize Pd@Ag cubes with
Faraday efficiency (FE) of carbon monoxide (CO) as high as 85%
at —0.8 V vs. reversible hydrogen electrode (RHE) in 0.5 mol/L
KHCOs, which is much higher than the counterparts of Pd octahe-
dron, Ag nanoparticles and Pd-Ag nanoalloys [25]. Chloroplast-like
porous bismuth-based core-shell (CPBC) materials present remark-
able FEgymate > 94% with high catalysis durability (> 72 h) [26].
Based on their various structures, CMCs can be divided into solid
core-shell structure and heterogeneous hollow structure, among
which heterogeneous hollow structure includes yolk-shelled struc-
ture (solid inside) and interlayer-hetero hollow multi-shelled struc-
ture (hollow inside). The core-shell structure generally has a strong
synergistic effect. Moreover, based on the lattice mismatch of the
shell atoms and the core atoms, core-shell structure can produce
strain effect and interfacial effect, which is beneficial to tune the
electronic structure of catalysts and boost the CO,RR performance.
It is well known that metal nanoparticles (NPs) such as Au, Ag and
Pd have excellent catalytic activity for electrocatalytic CO,RR, while
these metals are expensive and not suitable for large-scale applica-
tions. Fabricating CMCs could reduce the amount of noble metals,
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Fig. 1. Reaction mechanism diagram of CO, reduction to different products. The gray, red, and white spheres represent C, O, and H atoms, respectively. And the orange box,
the green box, the blue box, and the yellow box are C; products, C; products, C3 products, and by-products.

which is beneficial to reduce the cost and the large-scale produc-
tion of catalyst. A stable Au-Fe core-shell nanoparticle (AuFe-CSNP)
that is nearly 100 times more reactive to CO, reduction than Au
NPs at a much lower cost. Additionally, owing to the various com-
bination of core and shell components, CMCs can flexibly integrate
many functions and play important roles in the many reactions,
including electrochemical reduction of CO,.

Herein, we summarize the recent developments of CMCs for
electrochemical CO,RR. First, the mechanism and evaluation pa-
rameters of electrocatalytic CO,RR are discussed. Then, the prepa-
ration methods and structural advantages of CMCs are evaluated.
Based on an in-depth understanding of mechanism and structural
advantages, the advanced CMCs for electrochemical CO,RR are re-
viewed according to the composition of the core and shell. Finally,
a brief summary and several opportunities and challenges are pro-
vided for the development of electrochemical CO,RR.

2. Fundamentals and evaluation parameters of electrochemical
CO,RR

2.1. Mechanism of electrochemical CO,RR

The C=0 bond (750 kJ/mol) is more than twice the energy of
the C—C bond (336 kJ/mol) and the C—O bond (327 kJ/mol) [27].
CO, is a linear molecule composed of two C=0 molecules [28],
resulting in the chemically stable. Electrocatalytic CO,RR involves
multi-electron or proton transfer steps, and the whole reaction can
be roughly divided into three steps. In the first step, CO, molecules
are briefly attached to the catalyst surface and then the atoms in-
teract with each other. The second step is activating CO, to CO, ~
by one electron transfer, which is the key process of CO, reduc-
tion. Then, CO, ~ can be easily attached on the surface of catalysts
and undergo further reactions. The formation of chemical bonds
between CO, molecules and suitable electrocatalysts can stabilize
CO,~ radical or reaction intermediates, which can reduce the neg-
ative redox potential and ultimately promote the reduction of CO,
to other substances. As shown in Fig. 1, CO,~ could be further
reduced to CO or other products through different electron trans-
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fer pathways. Excessive accumulation of reduction products on the
surface will hinder the adsorption of new CO, molecules and affect
the continuous process of subsequent reactions. Moreover, when
the reduction product is CO, the accumulation of CO on the sur-
face of the catalyst will poison the catalyst and eventually lead to
the loss of catalytic activity. Therefore, the third step is desorption
of reduction products from the catalysts, which plays an important
role in the catalytic stability.

The reduction products generated by electrocatalytic CO,RR
in aqueous solution are different with different electron transfer
numbers. Table 1 shows the half electrochemical thermodynamic
reactions of the common C; and C,, reduction products, their cor-
responding reduction potentials vs. standard hydrogen electrode
(SHE) and the number of electrons transferred. The reaction prod-
ucts are closely related to the adsorption strength of CO at the
active site of catalyst. When the CO intermediate is weakly ad-
sorbed on the catalyst, it will desorb and become the main reduc-
tion product; when it adsorbs strongly on the catalyst (such as Pt
or Pd), it will poison the surface of the catalyst. An intermediate
strength of adsorption of CO results in the formation of hydrocar-
bons and oxygenates. The generation of advanced reduction prod-
ucts is generally divided into two steps: CO, is electrically reduced
to CO, and then the bimolecular CO is electrically reduced to other
advanced organic molecules. The occurrence of the second step re-
action is closely related to the nature of the catalyst, local pH, elec-
trolyte, temperature, the concentration of CO, and CO. The high
overpotential associated with adverse thermodynamics and low FE
of specific products are the biggest challenges for CO,RR. The lat-
tice mismatch between core and shell in the CMCs can be used to
shift the d-band center of surface elements, leading to affect the
adsorption strength of various intermediates. Therefore, core-shell
catalysts can be used to improve the FE of specific products by re-
ducing overpotential or creating new reaction pathways. Because
of its unique structural composition, CMCs are easier to reduce CO,
to higher C,, products. In addition, it should be noted that hydro-
gen evolution reaction (HER) [29-31] generally is regarded as the
primary competitive reaction for CO, reduction, which seriously af-
fects the performance of CO, reduction.
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Standard hydrogen electrode to convert CO, to various C; and C,, products at pH 0, 1.0 bar, and 25 °C in aqueous solution.

Half electrochemical thermodynamic reactions

Standard redox Number of electrons

potentials (V vs. SHE) transferred
CO; (g) + 2H' + 2e~ = HCOOH (1) -0.25 2
CO; (g) + 2H' + 2e~ = CO (g) + H,0 (1) -0.117 2
CO; (g) + 4H* + 4e~ = HCHO (1) + H,0 (1) —-0.067 4
CO; (g) + 6H' + 4e~ = CH5;0H (1) + H,0 (1) 0.033 4
CO; (g) + 8H' + 4e~ = CH4 (g) + 2H,0 (1) 0.173 4
2C0, (g) + 12H" + 12e~ = CyHy (g) + 4H,0 (1) 0.064 12
2C0O; (g) + 12H* + 12e~ = CH50H (1) + 3H,0 (1) 0.084 12
2C0O, (g) + 14H" + 14e~ = C,Hg (g) + 4H,0 (1) 0.143 14
3C0, (g) + 18H" + 18e~ = C3H;O0H (1) + 5H,0 (1) 0.103 18
2H* + 2e~ = H, (g) 0.000 2

2.2. Evaluation parameters of performance

In the electrocatalytic CO,RR, the evaluation parameters of
CO,RR performance are mainly concerned with the following four
aspects: FE, current density, turnover number (TON) and turnover
frequency (TOF).

FE refers to the ratio of the amount of electric energy trans-
ferred to produce a specific product to the total amount of electric
energy transferred, which reflects the selectivity to a specific prod-
uct. The formula for FE is as follows Eqs. 1-3:

anpF
FE = — 1
i (M
anyF a x m x Ceo, xt xF
FEgas = Qp = PP 22‘4QCOZ (2)
- anF o x Viguid X Pliquid X F
Fthuld N Q MliquidQ (3)

where « refers to the number of electrons transferred by the re-
action, n, refers to the number of moles of the reduction product,
F refers to the Faraday constant, and Q is the total passed charge.
FEgas and FEjjqiq are the FE of gas products and liquid products re-
spectively. ppm is the concentration of the gas products, Cco, rep-
resents the flow rate of COy, ¢ is the reaction time, Viquid: Pliquids
and Mjquiq refer to the volume, density, and relative molecular
weight of the liquid product respectively [32].

Current density refers to the amount of electricity that passes
over the catalyst per unit surface area (the electrochemical surface
area) per unit time, which reflects the kinetic rate of electrochem-
ical transformation Eq. 4 [33].

(4)

where, j; is the current density of the target product, ji, is the
total current density of the reaction, and FEiarger is the FE of the
target product.

The activity of electrocatalyst can be judged by TON and TOF in
the field of electrocatalytic CO,RR, and the calculation formula of
the two is as follows Eq. 5 [34]:

Ji = frotal X FE[arget

np
x t

(5)

where n,, is mole of the target product, n¢ is moles of catalyst, and
t is the reaction time.

TON = ™ TOF =
e Ne

2.3. Characterization techniques of CMCs

The structure and components of CMCs are important for their
catalytic performance. Therefore, it is necessary to confirm the
structure and components of CMCs. Scanning Electron microscopy
(SEM) and transmission electron microscopy (TEM) are the most
commonly employed means of object structure analysis. SEM is to
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scan the surface of bulk samples with a focused low-energy elec-
tron beam, and then the surface morphology and crystal orien-
tation of the catalyst can be obtained. TEM is to irradiate a thin
film sample which can pass through electrons with parallel high-
energy electron beam. The electron diffraction pattern of crystal
structure information and high-resolution image reflecting the in-
ternal structure of the sample can be obtained. Inductively cou-
pled plasma optical emission spectrometer (ICP-OES), X-ray pho-
toelectron spectroscopy (XPS) and Energy dispersive X-ray spec-
troscopy (EDS) could be used to analyze the composition of sam-
ples. ICP-OES, also known as ICP-AES, is an atomic emission spec-
trometry method using inductively coupled high frequency plasma
torch as excitation light source to qualitatively and quantitatively
analyze more than 70 metal elements and some non-metal ele-
ments in samples. ICP-OES can simultaneously analyze both con-
stant and trace components without complicated two-way obser-
vation, which has the advantages of rapidity and wide linear range.
XPS tests the valence state and element content of the substance
about 10 nanometers on the surface of the object, while EDS can-
not measure the valence state and the depth of the test is tens
of nanometers to a few microns, so basically it can only make
qualitative analysis rather than quantitative analysis of the element
content on the surface. X-ray diffraction (XRD) is normally applied
to analyze the crystal structure of catalysts. According to the XRD
pattern, the sample information, such as amorphous or crystalline,
phase composition and crystal cell expansion or contraction, can
be obtained.

3. Preparation methods and structural advantages of CMCs
3.1. Synthesis of CMCs

Wet chemical method [35] is the main method for the synthe-
sis of CMCs owing to the simple operation and large-scale produc-
tion [36]. This preparation method could be divided into one-step
[37,38] and multi-step. Up to now, a large number of CMCs have
been prepared by wet chemical method and several representative
CMCs synthesized through one-step and multi-step methods have
been listed in the following Table 2 [32,33,39-61].

3.2. Structural advantages of CMCs

Tandem catalysis: Tandem catalysis refers to two or more con-
tinuous catalytic reactions in a reactor that eventually produce the
target product, in which the product of the previous step will be
the reactant of the next step (Fig. 2) [62,63]. As Le Chatelier’s Law
[64] shown, the continuous consumption of the products of the
previous step will accelerate the reaction rate. There are three es-
sential factors for tandem catalysis. First, different catalytic sites
should be arranged in a specific order, that is, the order of each
reaction is fixed and cannot be confused or reversed. Second, the
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Table 2
Representative CMCs prepared by wet chemical method.
Core@Shell Metal precursors Reaction steps  Refs.
Ag@(A-Sn(IV)) AgAc, SnCl, One step [32]
Ni-NC@Ni Ni(NO3)-6H,0 Three steps [33]
Ag@Cu AgNO3, Cu(OAc),-H,0 One step [39]
Cu, S@Cu-vacancy Cu(acetylacetone), One step [40]
Au@Pd@Pt H,PdCly, Au, H,PtClg One step [41]
Ag@Co@Ni AgNOs3, CoCl,-6H,0, NiCl,-6H,0  One step [42]
Aug4Pds@Pd HAuCly, Na,PdCl, One step [43]
PdygAu@Pd Na, PdCl,, HAuCl, One step [44]
Sn-Cu/SnOy SnS0Oy4, CuSO4 One step [45]
PtPb@ PtNi Pd(acac),, Pb(HCOO), One step [46]
PtPb@Pt Pt(acac),, Pb(acac), One step [47]
AuFe@Au Fe(acac)s;, Au(OOCCH3)3 One step [48]
Ag@Au AgNOs3, HAuCly Two steps [49]
Cu@Sn CuS04-5H,0, SnCl,-2H,0 Two steps [50]
Ni, P@Ho,03 Ni(acac),, Ho(acac); Three steps [51]
Ag@AgCly Ag foil Three steps [52]
FeyN@Fe-N-C FeS04-7H,0 Four steps [53]
Au@Cu,0 HAuCly, Cu(NOs3), Two steps [54]
AuCu;@Au Cu, Au Two steps [55]
AgSn@SnOy AgNOs3, Sn(Ac), Two steps [56]
Ru@Pt RuCls, H,PtClg Two steps [57]
Ag@Au HAuCly, AgNO3 Two steps [58]
AuCu@Au HAuCly-3H,0, Cu(CH3C00),-H,0 Two steps [59]
In-doped Cu@Cu,0 CuSOy, Iny(SO4)3 Three steps [60]
Cu,0@Sn0, CuCl,-2H,0, SnCly Two steps [61]

Fig. 2. Schematic diagram of tandem catalysis mechanism of CMCs.

distance between different catalytic sites should be close enough
or even direct contact, which is the key to ensure the occurrence
of tandem catalysis. Third, the compatibility of different catalytic
sites should be considered to prevent these active sites from re-
acting with each other and interfering with tandem catalysis [65].
The core-shell structure with different inner and outer compo-
nents is very suitable for multiphase tandem catalysis, especially
the interlayer-hetero hollow multi-shelled structure is considered
to have great application potential in multiphase tandem cataly-
sis [66]. Besides, CMCs could be employed as an excellent tan-
dem catalyst owing to close distance with unreactive properties of
core and shell. These unique structural features well meet the re-
quirements of tandem catalysis. For instance, Zhang et al. prepared
Au@Cu,0 yolk-shell NPs as tandem catalysts for electrochemical
CO,RR. In this catalyst, CO, could be reduced to CO on Au core,
and then further reduced to ethanol on the Cu,0 shell, which
improves the activity and selectivity of electrochemical CO,RR to
ethanol at a lower electric potential through tandem catalysis [54].
Iyengar et al. reported FEs for gaseous and liquid products of Cu-
Ag, Cu and Ag catalysts at different potentials in order to demon-
strate the role of tandem catalysis in Cu-Ag catalysts [67]. In the
range of —1.1 ~ —1.4 Vgyg, Cu-Ag catalyst has smaller FEy, and
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FEco than pure Cu nanocrystals and pure Ag nanocrystals, and
gradually becomes smaller with more negative potential, which is
related to the tandem catalysis. The efficiency of Cu-Ag catalyst for
CO conversion is improved, and the effectiveness of tandem catal-
ysis mechanism is also enhanced.

Lattice strain effect: Lattice strain refers to the deviation from
the equilibrium spacing between atoms in the crystal lattice of
core shell catalysts [68-71]. The core-shell catalysts may have com-
pression or tensile strain owing to the mismatch between core
atoms and shell atoms, which could tune the electronic struc-
ture of catalysts and affect the catalytic properties. For example,
the binding of *COOH is enhanced on AuggPd4z@Pd due to the
strain effect between Au and Pd. Therefore, the activation of CO,
to *COOH is easier to reach 0.10 eV than on pure Pd [43]. Shao
et al. synthesized twisted PdygAu@Pd nanowires (NWs) through a
self-assembly strategy. Due to the tensile strain and the ratio of Pd
to Au, PdygAu@Pd showed superior specific activity and mass ac-
tivity of CO. The highest selectivity of FE was 94.3% at a relatively
low overpotential (—0.6 V) [44].

Interface effect: Compared with traditional mono-component
materials, CMCs have special interfaces, and the synergistic effect
of these interfaces can improve the catalytic performance of the
catalysts. Zhang and his coworkers synthesized core/shell Co,P/Pt
nanorods (NRs) via a seed mediated method, and proved that
Co,P(001)/Pt(111) interface had the best ORR catalytic performance
and Co,P(010)/Pt(111) had the worst ORR catalytic performance by
density functional theory (DFT) calculation [72]. Qi et al. confirmed
that excellent selectivity of Au@CeO, CMCs is owing to the inter-
face effect between Au (core) and CeO, (shell) [73]. Reasonable use
of the interface effect of CMCs is beneficial to the preparation of
high-performance catalysts and reduces unnecessary waste at the
same time.

Defect engineering: Defects are technically defined as distor-
tions in the periodic structure of the full crystals [74-76]. It can
be divided into volume defects and surface defects [77]. According
to the previous reports, surface defects such as vacancy and dop-
ing could be constructed on CMCs, which are helpful to the en-
hancement of catalytic properties. Wang and co-workers prepared
In-doped Cu@Cu,0 catalyst by co-electrodeposition. The FE of CO
reaches to 87.6% + 2.2%, which is far higher than that of other
copper-based catalysts [60]. Sargent and co-workers synthesized
Cu,S@Cu core-shell catalysts by taking advantage of the vacancy
defect of the sulfur atom in the core of Cu,S and the copper atom
in the shell to change the C, reaction path and improve the FE of
the reaction product polyols in the electrocatalytic CO,RR [40].

Stability: As is well-known, the surface energies of catalysts in-
crease significantly as the decrease of size. Therefore, agglomer-
ation of nanoparticles is easy to occur in electrochemical reac-
tions, resulting in the rapid loss of active sites. Fabricating cat-
alysts with core-shell structure could be an effective method to
prevent the agglomeration and improve the stability of catalysts.
In CMCs, the internal active sites can be well protected by shell,
which are employed as the physical barrier to hinder the loss and
agglomeration of active sites, increasing the catalytic stability. For
instance, monolithic nanoporous core-shell structured AuCu;@Au
catalysts, of which FEcg was 97.27% at a partial current density
of 53 mA/cm? at —0.6 V vs. RHE, were prepared by oxidizing
etching Au,ygCugg alloy by An and co-workers [78]. The total cur-
rent density on the catalyst remains about 10 mA/cm? even af-
ter electrolysis at —0.7 V for 100 h, indicating the AuCu;@Au cat-
alysts are very stable. Zhang et al. synthesized Cu,0-SnO, core-
shell electrocatalysts with shell thickness of 5 nm by adjusting
the content of tin precursors. The FEcy is more than 90% at a
low overpotential of 390 mV. The catalyst showed superior stabil-
ity over 18 h at —0.6 V vs. RHE in 0.5 mol/L KHCO3 electrolyte
[61].
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(a) AuFe-NP

Fig. 3. (a) Schematic synthesis diagram of AuFe-CSNP. (b) TEM and HRTEM images and element map of AuFe-NPs and AuFe-CSNP, respectively. The green part is Au and the
red part is Fe in the element map. (c) The CO,RR reaction steps on Au-M binary alloys include the physical adsorption of CO,, *COOH, *CO and *(* stands for surface site).
The yellow, green, silver, red, and white balls represent Au, M, C, O, and H, respectively. (d) 1-CO, and *COOH are on the surface with vacancies. Formation energy diagram of
*COOH generated by Au, AuFe-CSNP and AuFe-CSNP with vacancies (AuFe-CSNP-v) in CO,RR. Reproduced with permission [48]. Copyright 2017, American Chemical Society.
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Fig. 4. (a) Schematic illustration of CO,RR mechanism in the Au-Pd core-shell structure. (b) AugoPdsy NPs of STEM-HAADF, XEDS element mapping and HAADF images.
AugsPdg NPs of STEM-HAADF, XEDS element mapping, and color HAADF images. The green lines represent the Au atoms isolated from the surface of AugsPdg NPs. (c)
Configurations of m-Au, m-Pd, m-AugoPd4y, m-Aus5Pdys, and m-AugsPdg slab models, and the surface element segregation pattern of m-Aug4Pds from the top view. The
images above are the bulk structure, and the images below are the structure after the surface replacement. FE of CO, reduction to (d) CO and (e) H, on Au, Pd and AuPd
alloy catalysts with different contents, and (f) mass and (g) specific activity of Au, Pd and AuPd alloy catalysts with different contents for CO production. Gibbs free energy
diagrams of the reaction paths of (h) CO,RR and (i) HER on different slab model catalysts. Reproduced with permission [43]. Copyright 2019, Royal Society of Chemistry.

4. Performance of electrochemical CO,RR 4.1. Pure metal core-shell structure
CMCs generally exhibit superior catalytic properties of electro- Several metal nanostructures such as Au [81-86], Ag [42,58,87]
chemical CO,RR due to their unique structural advantages dis- and Pd [41,44,88-90] show excellent catalytic activity of electrocat-

cussed above [79-82]. In this section, the advanced CMCs towards alytic CO,RR [91], but the main product is CO. Other metal nanos-
electrochemical CO,RR are evaluated according to the composition tructures such as Cu, Bi could provide various reduction products
of core and shell. [92,93], but the ability of CO, conversion is limited. Therefore,
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Copyright 2019, Wiley-VCH.

preparing core-shell catalysts with various metals could take the
core-shell structural advantages and provide a promising means to
enhance the performance of electrochemical CO,RR [94-103]. Sun
et al. obtained AuFe-CSNP through leaching out surface Fe of AuFe-
CSNP during the electrochemical reduction process (Figs. 3a and
b) [48]. Fig. 3c shows the model diagram of the CO,RR process
of Au-mental (M) catalyst. According to the calculation of silico
quantum mechanics rapid screening (QM-RS), Au-Fe alloys have a
low *COOH formation energy (0.46 eV) and CO desorption energy
(017 eV). Therefore, Au-Fe alloys are considered to have the po-
tential to improve CO, reduction performance. As predicted by the
calculation results, AuFe-CSNP exhibits superior mass activity of
48.2 mA/mg towards electrochemical CO,RR, which is approximate
100 times higher than Au NPs. To estimate the effect of Fe leach-
ing on CO,RR, Au atom on the surface is further removed to pro-
duce Schottky defects. Based on the DFT calculations, the surface
defects can reduce the formation of *COOH by 0.19 eV, which con-
firms that the Schottky defect has a great impact on the catalytic
performance of AuFe-CSNPs (Fig. 3d). It demonstrates that the su-
perior activity could be attributed to the defects caused by the sur-
face Fe leaching. Zhu et al. prepared AuPd-CSNP by one-pot synthe-
sis method, and the FEqy reached 96.7% at —0.6 V [43]. Through
high-angle annular dark field- scanning transmission electron mi-
croscopy (HAADF-STEM) and X-ray energy dispersive spectrome-
try (XEDS) mapping, the element composition and distribution of
AugyPd4p-CSNP and Aug4Pdg-CSNP can be clearly observed (Figs. 4a
and b). The atomic model diagrams of m-Au, m-Pd, m-AugyPdyg,
m-AuysPdys and m-AugyPdg are shown in Fig. 4c. Moreover, it is
obvious that when Au:Pd = 94:6, the Pd shell will not be observed
by XEDS mapping. In Au, Pd and AuxPdigg.x NPs, the selectivity
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of CO increases with the increase of Au content (Fig.s 4d-g). The
mass activity and specific activity of AugsPdg-CSNP are higher than
other catalysts at —0.9 V to —0.4 V. Figs. 4h and i are the model
catalysts with Au:Pd = x:(100 - x), which can be abbreviated as m-
AuxPdqgg.x. The surface of pure Au has a very high free energy bar-
rier (~0.98 eV) for the formation of *COOH intermediate, whereas
the thermodynamic barrier of pure Pd is much smaller (~0.18 eV).
It can be obtained from Fig. 4h that the activation of CO, to *COOH
by m-AugyPdyg is 0.10 eV easier than that of pure Pd, which is
partly because of strain and ligand effect between Au and Pd, and
synergistic results of *COOH coordination changes. In addition, Pd
and Au will receive electrons after alloying, and then will lead the
downshift of d-band center, but the tensile strain will make d-band
center upshift. The overall contribution of these two effects makes
the d-band center of Pd upshift to the Fermi energy level and en-
hance the adsorption of *COOH. Therefore, m-Aug4Pdg surface has
the highest *COOH free energy among all the bimetallic surfaces
and low HER competition (Fig. 4i). Liu et al. employed polyol re-
duction combined with PVP ligand orientation to deposit Au on Ag
NWs for the preparation of Ag@Au NWs (Fig. 5a) [49]. As shown in
Figs. 5b-d, Ag@Auys NWs show the superior catalytic activity and
highest FE¢q (Fig. 5b). Moreover, Ag@Aug s NWs have different CO
selectivity at various potentials in CO,-saturated 0.1 mol/L KHCO3
and CO,-saturated 0.1 mol/L KCI electrolyte (Fig. 5e). CO,-saturated
0.1 mol/L KHCO3 as a buffer solution can maintain a neutral envi-
ronment, while the pH of CO,-saturated 0.1 mol/L KCI electrolyte
will rise as the reaction proceeding, thus inhibiting HER. Addition-
ally, the strong interaction between CO, and Cl~ improves the abil-
ity of CO, capture, resulting in the higher catalytic performance of
Ag@Aug 5 NWs in 0.1 mol/L KCl solution (Figs. 5f and g).
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Fig. 6. (a) Synthesis diagram of Ag;Sn/SnO, core-shell structure. (b) HAADF-STEM image and electron energy-loss spectroscopy (EELS) of Ag;sSn,4/SnOy catalyst. (c) FE
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H* reduction (-(O)H*), and asymmetric hydroxyls (asym 20H*) from chemical water dissociation on the SnO as a function of potentials vs. RHE. (e) The advantageous free
energy pathways for CO, reduction to CO and HCOOH on SnO. Reproduced with permission [109]. Copyright 2017, American Chemical Society.

4.2. Core-shell structure of metal and metal oxide

Recently, metal and metal oxide heterostructures [104,105] ex-
hibit great potential in electrochemical CO,RR owing to the inter-
face effect and tandem catalysis [94,106-108]. Fabricating metal
and metal oxide catalysts with core-shell structure can remark-
ably enhance the performance of electrochemical CO,RR. Wesley et
al. prepared AgSn/SnOx NPs though galvanic displacement process,
which had an Ag-Sn bimetallic core and an ultra-thin partially ox-
idized SnOy shell (Figs. 6a and b) [109]. In this catalyst, the Ag-Sn
core is responsible for the high electronic conductivity and SnOy
shell can provide an excellent activity of CO, conversion. Owing
to the unique structure, AgSn/SnOy shows superior CO,RR perfor-
mance. The FE of formate reaches to ~80% and the formate partial
current density is ~16 mA/cm? at —0.8 V vs. RHE. Though investi-
gating a series of Ag-Sn catalysts with various Ag/Sn compositions,
a structure-activity relationship between the AgSn/SnOy core-shell
structure and CO,RR performance is established and found the op-
timal thickness of SnOy shell is 1.7 nm (Fig. 6c). Moreover, ac-
cording to the DFT calculations, the outstanding catalytic perfor-
mance of AgSn/SnOy should be attributed to oxygen vacancies on
SnO (101) surface, which is favorable for stabilizing OCHO*, the
key intermediate for the HCOOH (Figs. 6d and e). Wang et al. ob-
tained Cu-SnO, catalysts with three different structures and phases
by thermal annealing of CuSn core-shell NPs at various conditions
[110]. Among them, CuO/hollow SnO, heterostructure shows excel-
lent performance of electrochemical CO,RR (Fig. 7a and b). It can
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tune the products from CO to HCOOH with a high FE at ~70% by
simply tuning the electrolysis potentials. This promising catalytic
properties of CuO/hollow SnO, heterostructure can be attributed
to the abundant Cu/SnO, interfaces, which can decrease AG for
the formation of *COOH species (Fig. 7c). CuSn NPs/C-A has the
highest CO selectivity (FEcg = 70.1%) and the highest current den-
sity (1.66 mA/cm?) at the potential of —0.7 V vs. RHE, and CuSn
NPs/C-A has the highest HCOOH selectivity (FEcg = 71.5%) and the
highest current density (12.6 mA/cm?) at the potential of —1.0 V
vs. RHE (Fig. 7d). Li et al. demonstrated a new strategy to selec-
tively achieve CO, reduction products through tuning synergistic
effect between Cu and SnO, in Cu@SnO, [111]. They found that the
product was closely related to the thickness of SnO,. The reduction
product is formate when the thickness of SnO; is ~1.8 nm, while
changes to CO with FE of ~93% as the thickness of SnO, decreases
to 0.8 nm. Based on the DFT calculations [112,113], the co-existence
of the compressive strain and Cu doped on 0.8 nm SnO, shell
makes the free energy of CO formation lower than that of formate
formation, resulting in the favorite production of CO over formate
(Fig. 7e). Ye et al. fabricated hierarchical Sn,;Cu core with amor-
phous SnOy shell through one-step electrodeposition [45]. During
the electrochemical CO,RR process, SnOy shell can be in situ re-
constructed to Sn/SnOy interface, which is demonstrated by in situ
extended X-ray absorption fine structure (EXAFS) and structural
examinations. According to the theoretical calculations, the in situ
reconstructed Sn/SnOy interface plays a crucial role in facilitating
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formic acid production though optimizing the binding of interme-
diate HCOO*, resulting in the high FE of C; products.

4.3. Core-shell structure of metal-based compounds

In addition to metal oxides, core-shell structures composed
of other metal compounds [112-117] also show excellent perfor-
mance and great application potential in electrocatalytic CO,RR. Li
and co-workers prepared Ag@AgCly, nanowire arrays by using low-
temperature nanoimprinting technique and electrochemical reduc-
tion (Figs. 8a and b) [52]. The Ag@AgCly nanowire arrays have ex-
cellent catalytic activity of CO,RR. The CO current density is up
to 527 mA/cm? at —0.6 V vs. RHE, which is mainly attributed
to the strong electron coupling between AgCl, shell and Ag core
and superior CO, activation capacity of AgCly shells. Fig. 8c shows
the change of free energy when CO,RR occurs on (111) and (211)
surfaces of crystalline silver chloride, and Cl modified Ag (111)
[Ag(111)_Cl] and (211) surfaces [Ag(211)_Cl], which can indirectly
reveal the reason that determines the superior catalytic activity of
AgCly shell. It can be concluded that Ag (111)_Cl and Ag(211)_Cl
are more conducive to the adsorption of *COOH. In addition, Ag
on the surface is low coordination, which is easier to combine
with *COOH. Cheng et al. designed a Fe-N-C nanofiber (Fe-N/CNF),
which is a core-shell structure composed of the iron nitride (FexN)
NPs encapsulated by Fe and N co-doped carbon layers (FexN@Fe-N-
C) [53]. The synthetic steps of FexN@Fe-N-C are complex, including
electrospinning, carbonization, acid leaching and nitriding under
NH3. Among them, the nitriding time could affect the formation of
core-shell structure. The nitriding time was selected as 10, 20 and
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40 min, denoted as Fe-N/CNF-x (x = 1, 2 and 4). Fe-N/CNF-2 has
excellent catalytic performance (Fig. 8d), the current density has
been maintained at value of about 4.5 + 0.4 mA/cm?, FE¢o fluc-
tuates around 94%. The excellent performance could be attributed
to that iron nitride can promote the intermediate desorption of CO
from Fe and N doped shells, thus improving the catalytic perfor-
mance of CO,.

Reduction products with high carbon numbers possess higher
commercial value than C; products, but are also more difficult
to obtain [118-126]. Kim et al. synthesized crystalline/amorphous
(C/A) Ni,P@Ho,03 core shell NPs (CSNPs) by depositing an amor-
phous Ho,03 shell on the surface of Ni NPs (Fig. 9a). Fig. 9b shows
the element mapping of C/A Ni,P/Ho,03 CSNPs. And the FEscetone
of C/A Ni,P@ Ho,03 is up to 25.4% [51]. The excellent catalytic
performance is mainly attributed to its heterostructure. Deng and
co-workers synthesized a sheet-like open nanostructure with Ni
nanoparticle wrapped by Ni-N species exposed carbon layer (Ni-
NC@Ni) through a low-temperature (450 °C) chemical vapor de-
position strategy (Fig. 9¢) [33]. Ni-NC@Ni electrocatalyst has many
advantages, such as the isolated Ni-N species (~4.23 at%) provid-
ing the active site for CO,RR, the open nanostructure of the sheet
enlarging the contact area with the electrolyte/reactants, and the
Ni nanoparticle core wrapped in the carbon shell acting as an
excellent conductor to enhance electron transport. Therefore, Ni-
NC@Ni exhibits superior CO,RR performance. The FEcy is about
87% at 670 mV and the current density is up to 14.8 mA/cm?
with a long-term stability of more than 150 h (Fig. 9d). Sargent
and co-workers synthesized Cu,S@Cu-V (V stands for vacancy) NPs
(Fig. 10a), which can alter the C, reaction pathway by shifting se-
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lectivity away from ethylene and towards multi-carbon alcohols
[40]. The S atom is introduced to produce vacancy defects on the
surface of Cu. This kind of core-shell catalyst with vacancy defects
is called core-shell-vacancy engineering (CSVE) catalyst, which can
effectively reduce CO, to multi-carbon alcohols. Fig. 10b shows the
FE of multi-carbon alcohols such as ethanol and propanol catalyzed
by CSVE, and Fig. 10c shows the FE of multi-carbon alcohols and
ethylene on different catalysts. With the further research on elec-
trocatalytic CO,RR, more electrocatalyst synthesis methods have
been developed.

5. Conclusions and outlook

Global warming and energy crisis have been increasing seri-
ously with the development of industry. Recently, electrochemical
CO,RR provides a promising means for CO, recycling and attracts
wide attention. In this review, we focus on the advanced metal-
based catalysts with core-shell structure towards electrochemi-
cal CO,RR. The preparation methods and structural advantages of
CMCs are discussed as well as the mechanism and evaluation pa-
rameters of electrochemical CO,RR. Recent progresses in CMCs for
electrocatalytic CO,RR have been reviewed, with emphasis on the
role of core-shell structure played in electrochemical CO,RR. Al-
though several significant advances have been achieved, the cat-
alytic ability of CMCs for electrochemical CO,RR is still unsatisfac-
tory. Therefore, several challenges and opportunities are proposed
based on our limited knowledge.

Multi-carbon products: Electrocatalytic CO,RR can reduce CO,
to a variety of products under mild reaction conditions, such as
CO, formaldehyde, methane, ethylene, acetone. However, it is very
difficult to obtain high selectivity for a specific product, especially
for C, and other multi-carbon products. Therefore, improving the
selectivity of multi-carbon reduction products is a great challenge
of electrochemical reduction of CO,.

Tandem catalysts: Tandem catalysis is a promising strategy to
obtain C,, reduction products of CO,RR. Various metals have dif-
ferent catalytic properties of electrochemical CO,RR. For example,
Au shows the highest activity of CO, reduction due to the weak
Au—CO binding energy, but the products are mainly CO. Cu ex-
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hibits lower activity, but the products are various including hy-
drocarbons and oxygenates owing to the intermediate CO binding
energy. Therefore, constructing CMCs as tandem catalysts to tune
the CO binding energy and reaction process provides a promis-
ing means to enhance the activity and selectivity of electrocatalytic
CO3RR.

Phase engineering: Phase structure is one of the most sig-
nificant structural parameters and has important influences on
the catalytic property of catalysts. Especially, the unconventional
phases of metal elements generally endow them with wondrous
catalytic properties. For instance, Au NPs with 4H phase delivery
a higher activity and ethylene selectivity in electrochemical CO,RR
compared to the traditional face center cubic (fcc) Au [127]. Ru NPs
with fcc phase also exhibit superior electrocatalytic properties in
many reactions than conventional (hexagonal close packed) hcp Ru
catalysts [128]. Therefore, fine tuning the phase structure of met-
als in CMCs exhibits great potential for boosting the performance
of electrochemical CO,RR.

Further reveal the catalytic mechanism: Electrochemical CO,RR
is a complex multi-electron reaction. Through several in-situ char-
acterizations to further investigate the electrocatalytic mechanism
of CO,RR plays crucial roles in the enhancement of catalytic
properties. In-situ synchrotron radiation technologies and in-situ
HRTEM can be employed to detect the changes in geometric and
electronic structure of catalysts. In-situ Raman spectra and in-situ
FT-IR spectra could be used to monitor the changes in the whole
CO,RR process. In general, we believe that more advanced elec-
trocatalysts for CO,RR could be achieved through a deeper under-
standing of mechanism and fine-tuning catalyst structure.
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