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The electrochemical carbon dioxide reduction (CO,RR) into useful fuels and chemicals provides
a promising avenue to relieve severe energy and environmental crises. Core/shell structures hold
enormous potential for the CO,RR due to the strong synergistic effect and varied electronic
modification, although they still suffer from inadequate efficiency and poor selectivity. Recent
achievements reveal the advanced engineering of core/shell structures, including strain engineering (e.g.,
tensile or compressive strain), surface engineering (e.g. surface doping, surface defects, and surface
reduction) and phase engineering (e.g., newly formed interfaces), for boosting the CO,RR activity and
selectivity due to their powerful effect on modulating the surface environment, constructing more active
sites and interfaces and optimizing conductivity. In this review, we focus on the advanced engineering of

core/shell structures as a promising candidate for the CO,RR. First, the wet-chemical methods for
Received 30th June 2019 hievi Jshell struct . st lti-st th laborated. Th illustrat
Accepted 31st July 2019 achieving core/shell structures via one-step or multi-step pathways are elaborated. Then we illustrate

the important role of these three strategies in optimizing the CO,RR performance: (1) strain engineering,

DOI: 10.1039/c9ta07016h (2) surface engineering and (3) phase engineering. Finally, we highlight the key issues that need to be

rsc.li/materials-a resolved and provide an outlook that may be useful for guiding future development of this promising field.

Brodie first reported the electrochemical reduction of CO,.”
Later in 1990, Hori et al. presented a new development for the

1. Introduction

The excessive carbon dioxide (CO,) emission from the burning
of fossil fuels causes the serious environmental issue known as
the “greenhouse effect”.' To alleviate these climate hazards,
developing a sustainable system to convert CO, into useful
chemical fuels is necessary. Electrochemical reduction provides
a promising avenue for CO, recycling.** In early 1873, Sir B. C.
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electrochemical carbon dioxide reduction reaction (CO,RR) by
deeply revealing the reaction mechanism by discoveries in
materials and characterization techniques.® Later on, the
production of CH, and C,H, with efficiencies of 65% and 20%
by using bulk Cu was reported.® In recent years, with the rapid
development of the field of materials science and character-
ization techniques, renewed emphasis has been placed on this
interesting field.*

This journal is © The Royal Society of Chemistry 2019
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Although great advances have been achieved, there exist
several big issues that block the future development of the
CO,RR. First of all, the energy barrier to activate CO, under
electrochemical conditions is very high due to the high
stability of CO,." The structure of the CO, molecule is
a central carbon atom with two oxygens on either side. Since
the length of the C=0 bond in CO, is smaller than that in the
ketone structure, C=0 in CO, has similar properties to those
of triple bonds.*” This situation makes CO, stable, and it only
converts into other carbon compounds under very harsh
conditions.* In addition, the high operating overpotential not
only causes a high level of energy waste, but also leads to the
generation of H,, resulting in unsatisfactory selectivity as
well.** Meanwhile, a wide range of products for the CO,RR are
reported, including C; products (carbon monoxide (CO), for-
mic acid (HCOOH), formaldehyde (HCHO), methanol
(CH3;0H) and methane (CH,)), C, products (ethene (C,H,),
acetaldehyde (CH3CHO), ethanol (C,HsOH) and acetic acid
(CH3COOH)) and C; products (n-propanol (C3H,OH)).***” How
to achieve high selectivity to the target product is an important
challenge to overcome. In this regard, the rational tuning of
adsorption and desorption energies of reaction intermediates
is very important. Finally, since the operating current density
is generally very high, it is extremely difficult to retain the
surface environment of the catalyst, leading to a large activity
loss. Due to these issues, how to design catalysts with high
selectivity to the target product and low energy consumption
remains a big challenge.

According to the Sabatier principle, the measured activity is
closely related to the binding strength between the catalyst
surface and reaction intermediates.'®° This principle high-
lights the important role of moderating the surface environ-
ment. However, since the CO,RR yields various products, the
selectivity to a certain product is generally very poor. A core/
shell structure is regarded as a promising structure to ach-
ieve the target product with high selectivity (Scheme 1). First
of all, the core, made up of metal or alloy materials, can ensure
high electronic conductivity, which largely solves the problem
of low catalytic activity due to low conductivity.”* In addition,
the strong synergistic effect between the core and shell

This journal is © The Royal Society of Chemistry 2019
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provides an effective way to modulate the electronic structure
of the surface environment, influencing the chemisorption of
intermediates during the electrochemical process.”»** All of
this inspires the development of new strategies to achieve
high-efficiency CO,RR electrocatalysts. Based on strain engi-
neering, introducing tensile or compressive strain by alloying
metals with smaller or larger atomic radii than that of the
surface metal can trigger a shift of the d-band center, causing
different interactions with adsorbates.>* By means of surface
engineering, the shell surface with different vacancies or
metal dopants can be precisely constructed, leading to
completely different product distributions.>**” Furthermore,
the core/shell structure is an ideal platform for studying the
structure-dependent electrochemical performance, since it
can generate different interesting structures, such as hetero-
structures or intermetallic structures.”® Until now, the
enhanced engineering strategies, including strain engi-
neering, surface engineering and phase engineering, have
been employed for modifying the core/shell structure, and all
of them have attracted great attention owing to their great
influence on enhancing the performance, understanding the
structure-performance relationship and bridging the gap
between the high CO,RR performance and core/shell struc-
ture, which definitely deserves a review.

This review aims to give an overview of the recent achieve-
ments in strain, surface and phase engineering of core/shell
structures for enhancing the CO,RR. First, the versatile
synthesis of the core/shell structure by the wet chemical method
is demonstrated by presenting representative examples. Then
the essence of strain, surface and phase engineering to improve
the CO,RR performance is summarized, including (1) the
regulation of the electronic structure by strain engineering, (2)
the modification of active sites by surface engineering and (3)
the optimization of the synergistic effect by phase engineering.
Based on the fundamental understanding of these strategies,
the achievements for these catalysts for catalytic reactions are
then presented in detail. Finally, a brief conclusion and
perspectives for future development of the CO,RR are
presented.
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Scheme 1 Schematic illustration of core/shell catalysts for the CO,RR.

2. Synthesis of core/shell materials

The first step in designing high-performance core/shell cata-
lysts is to develop a facile synthesis method to obtain the core/
shell structures. The wet-chemical method is well known for its
easy manipulation, timeliness and large-scale production.”**°
Therefore, in this review, we will mainly focus on the wet-
chemical method for fabricating core/shell materials. In
general, the pathways for obtaining core/shell catalysts via the
wet-chemical method can be divided into two major categories:
one is the direct, one-step strategy and the other is the multi-
step strategy.

Significant progress has been achieved for synthesizing
metal(alloy)/metal(alloy) core/shell structures by the one-step,
direct synthesis method. The essence of forming metal(alloy)/
metal(alloy) core/shell structures via the one-step synthesis is
surface segregation, that is, one component of the alloy may be
enriched on the structure surface.*>** Since different surface
components may enhance or suppress the CO,RR efficiency,
modulating the specific compositions of the core and shell is
very important.

To prepare catalysts with the desired core and shell mate-
rials, we first provide an overview of the segregation properties
of different components in a bimetallic system.*® As shown in
Fig. 1, the surface energies of different metal impurities for the
close-packed surfaces of different metal hosts are expressed by
a color-code contour plot. The red color represents negative
segregation energy, corresponding to a situation where the
impurity tends to segregate on the surface of the host. The blue
color corresponds to the opposite situation where the impurity
tends to stay in the interior of the host. Since Au shows the
preferred CO selectivity, the design of Au based catalysts with
high selectivity attracts a lot of attention. Therefore we take Au

20480 | J. Mater. Chem. A, 2019, 7, 20478-20493
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based alloys as an example to discuss the phase segregation
properties. As shown in Fig. 1, all the metals tend to stay in the
interior of the Au based materials, leaving a large number of
candidates to be developed for the CO,RR. One thing that
should be noted is that, in the real synthesis, since the reactivity
of the transition metal with gases is quite low, the surface
composition of the alloy is also very sensitive to the external
reaction conditions. Segregation reversal may happen in the
alloy formed under deposition conditions.**

Until now, a large number of studies have reported the
synthesis of core/shell nanostructures by the wet-chemical
method (Table 1).**** One typical example of one-step
synthesis is the fabrication of PtPb/Pt hexagonal nanoplates
using platinum(u) acetylacetonate (Pt(acac),) and lead(u) acety-
lacetonate (Pb(acac),) as metal precursors, L-ascorbic acid (AA)
as the reducing agent and 1-octadecene/oleylamine as the
mixed solvent (Fig. 2a and b).** According to the HETEM image,
a core/shell structure with the shell composed of fcc Pt and the
core composed of hcp PtPb was constructed. By increasing the
amount of Pt(acac),, an interesting Pt/PtPb nanodisk can be
prepared. One thing that should be noted is that upon reducing
the amount of the reducing agent (AA) (17.8 mg), a complete
morphological transition from nanoplates to octahedra took
place, while the core/shell structure still remained, suggesting
the important role of metal precursors in the synthesis (Fig. 2c
and d). Inspired by this work, E et al. performed the modulation
of the Pt shell thickness by changing the concentration of Pt
precursors.** In another study, a 2D Ru-Ni nanosheet assembly
with RuNi as the core and Ni as the shell was reported by using
Ru(acac); and Ni(acac), as the metal precursors and phlor-
oglucinol as the reducing agent®® (Fig. 2e and f). Feng et al. re-
ported the one-step synthesis of Pd/Ni icosahedra with a PdNi
core and a Ni shell*” (Fig. 2g-i).

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta07016h

Published on 08 ao(it 2019. Downloaded by Fail Open on 2025-05-07 08:30:00.

Review

3d

27FENPZzQIFEQ<
L]

Host [fec(111), bee(110), hep(0001)]
5d 4d
EEEEREENEREES SR ANEEEEE

TITQPEFX

Solute
3d 4d

Ti_ V Cr MnFe Co NiCu|Zr Nb Mo Tc Ru Rh

View Article Online

Journal of Materials Chemistry A

5d

Hf Ta W Re OsIr PtAu

(il
il I
H B
‘ [
Bl B | HE [ =
! L] ]
HEE B [
H B
[
] [
=
[ [ [ N [ ]
[
=
<-07eV very strong segregation
0.7..03eV strong segregation
-0.3..-005eV moderate segregation
-0.05...0.05 eV no segregation
0.05 ... 03eV moderate antisegregation
03 ..07eV strong antisegregation
> 07eV very strong antisegregation

Fig.1 Surface segregation energies of metal impurities for the close-packed surfaces of metals. Reproduced with permission.>* Copyright 1999,
The American Physical Society.

In addition to metal(alloy)/metal(alloy) core/shell structures,
there are some reports on the synthesis of core/shell structures
with a metal core and an oxide shell. When only one metal
precursor can be reduced in a bimetallic system, a metal/oxide

Table 1 Typical examples of the synthesis of core/shell structures via the one-step strategy

core/shell structure is obtained by the direct one-step method.
For example, Zhang et al. reported the fabrication of a Ag/SnO,
core/shell structure via the shell thickness controlled one-step
strategy by using AgAc and SnCl, as metal precursors, AA as

Core Shell Metal precursors Conditions Reference
PtPb Pt Pt(acac),, Pb(acac), 160 °C, 5 h 35
RuNi Ru Ru(acac),, Ni(acac), 160 °C, 5 h 36
PdNi Ni Pd(acac),, Ni(acac), 160 °C, 5 h 37
Pd;Pb pd Pd(acac),, Pb(HCOO), 160 °C, 5 h 38
PtPb PtNi Pd(acac),, Pb(HCOO), 160 °C, 5 h 39
Cu SnoO, Cu(acac),, C13H3,0,5n 180 °C, 3 h 40
Ag Sno, AgAc, SnCl, 110 °C, 2 h and 190 °C, 3 h 41
Cu B Doped Cu CuCl,, NaBH, Frozen Water 42
CuS Cu with Cu vacancy Cu(acac),, dodecanethiol 240 °C, 20 min, N,, Cu,S NPs 43

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Typical examples of core/shell structures synthesized via the one-step strategy. (a and b) STEM image and EDS mapping of PtPb/Pt
nanoplates. (c and d) TEM image and EDS mapping of PtPb/PtNi octahedra. (e and f) STEM image and EDS mapping of a RuNi/Ru 2D nanosheet
assembly. (g—i) HRTEM, EDS line-mapping and EDS mapping of PbNi/Ni icosahedra. (a and b) Reproduced with permission.** Copyright 2016,
American Association for the Advancement of Science. (c and d) Reproduced with permission.*® Copyright 2017, American Chemical Society. (e
and f) Reproduced with permission.*® Copyright 2019, Elsevier Ltd. (g—i) Reproduced with permission.*” Copyright 2018, American Association for

the Advancement of Science.

the reducing agent and oleylamine as the solvent (Fig. 3).** In
this work, the shell thickness could be easily modulated by
changing the amount of SnCl,. In addition, Wang et al. reported
a Cu-SnO, core/shell structure by using Cu(acac), as the Cu
source and C;gH3,0,Sn as the Sn source by the one-step
process.*®

Since the shell environment is the key element for enhanced
catalytic performance, discovering unique shell structures with
unusual compositions via the one-step pathway is very impor-
tant. One interesting core/shell structure with a Cu core and a B
doped Cu shell was successfully synthesized by Sargent's
group.*” This structure was prepared by a facile one-step process
using copper(n) chloride (CuCl,) and sodium borohydride
(NaBH,) as precursors. The doping concentration of B can be
tuned by only varying the amount of the CuCl, precursor. More
recently, Zhuang et al. reported an effective way to introduce Cu
vacancies into shells by simply reacting Cu(acac), with dodec-
anethiol in a three-neck flask.** They demonstrated that the Cu
shells with Cu vacancies favor the production of ethanol rather
than ethylene.

Different from the one-step method, the multi-step method
provides another way to prepare core/shell structures (Table
2).%57%% Although more complicated steps are needed, several
core/shell structures can be finely tuned, and they show prom-
ising performance in the CO,RR due to their unique electronic
distribution and atomic arrangement. Seed-mediated growth
has been considered as a viable way of generating core/shell
structures.*** For example, the overgrowth of pure metal or
alloy nanocrystal seeds in the solvent media is an effective way
to form the core/shell structure. Skrabalak et al. reported the
preparation of PdCu/Pd core/shell nanocrystals by using PdCu
nanocrystals as the seed in OAm and TOP mixed solvent.** In

20482 | J. Mater. Chem. A, 2019, 7, 20478-20493

another typical study, a Cu/SnO, core/shell structure was
prepared via the decomposition of tin acetylacetonate on 7 nm
Cu NPs at 250 °C for 1 h.* Similar to this study, Cu/In,0O; core/
shell NPs were successfully prepared by using Cu NPs as the
seed and In(acac); as the metal precursor.*® In another study,
Feng et al. reported the control of the interface structure by
reacting H,0, with a Pd/Ni core/shell structure. The newly ob-
tained Pd/NiO core/shell structure presented a NiO shell with
a number of open channels, which provided active sites for
selective catalytic reactions (Fig. 4).® In addition, abundant
studies have demonstrated that the conversion from a pure
metal or an alloy to a core/shell structure via annealing treat-
ment is a promising alternative. Guided by this protocol, Yang's
group discovered the structural conversion from disordered
AuCu NPs to highly ordered AuCu NPs with a Au shell by
annealing in air for 50 min.*® In another study, Feng et al.
constructed Pd/NiO interfaces via annealing a Pd/Ni core/shell
structure at different temperatures. Benefiting from the
control of the surface oxidation state, the oxidized Pd surface
(Pd-0) bonding is more selective towards H,0, synthesis.?” The
electrolysis process is another important way to fabricate core/
shell structures. For example, via leaching an unstable metal
(Fe) in Au-Fe alloy NPs, new core/shell NPs with a AuFe core and
an Fe shell can be achieved.*®

Compared to noble metal based materials, the surface atoms
in non-noble transition metals (e.g., Ni, Cu, Co, and Fe) can be
oxidized by exposure to air, easily forming core@shell struc-
tures with metal/oxide interfaces. For example, as reported by
Lin's group, NiCuO,/NiCu and NiCoO,/NiCo core@shell struc-
tures can be easily built in NiCu and NiCo systems.*"**

Many studies have demonstrated that composition and
structure have a great influence on the catalytic performance,

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a—c) TEM images and (d—f) TEM-EDX mapping images of Ag/SnO, core/shell nanoparticles with tunable thickness. (g) The scheme of
shell thickness regulation in Ag/SnO, core/shell system via a one-step strategy. Unpublished result.**

leading to a pursuit of an ideal platform for studying the
morphology dependent CO,RR performance.®” Thermal
reprocessing of core/shell structures provides an effective way to
achieve this target due to the diffuse rates of the different
components.®”® For example, phase and morphology trans-
formation was reported using smooth surface Cu/SnO, nano-
wires as the precursor. The Cu/SnO, nanowires were
constructed with a Cu core and SnO, shell. Upon annealing the
Cu-SnO, core/shell nanowires in air, the interior Cu that
diffused to the surface was oxidized and crystalline SnO, was
generated. The TEM image showed a number of small nano-
particles decorated on the nanowires. When changing the
annealing air to H,, the surface of the nanowires became rough,
exhibiting a sharp XRD peak of Cu. The morphology remained
identical with the SnO, becoming crystalline by annealing in N,.
When applying these catalysts to the CO,RR, the CuSn NWs
under air annealing showed the best HCOOH selectivity up to
90.2%. The DFT result revealed that the Sn doped CuO,

This journal is © The Royal Society of Chemistry 2019

enhanced the adsorption of *OCHO and suppressed H, gener-
ation, providing plausible sites for enhanced CO,RR selectivity.

3. A brief introduction to the CO,RR

A complete CO,RR can be divided into three sub-steps, shown
in Scheme 2.%* The first step is the activation of the adsorbed
CO, molecule to CO,"~ on the catalyst surface. The next step is
the interaction between the electron/proton and CO,"~ to form
different products. Finally, the generated products desorb from
the catalyst surface. Therefore, modulating the adsorption and
desorption of different intermediates on the catalyst surface is
the key for obtaining the target product.

In principle, the main products of the CO,RR are listed in

eqn (1)~(6).

CO, + 2H" +2¢~ - CO + H,0, E° = —0.52 V (1)

J. Mater. Chem. A, 2019, 7, 20478-20493 | 20483
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CO, + 2H" + 2¢~ - HCOOH, E° = —0.61 V (2)
CO, + 4H" + 4~ — HCHO + H,0, E° = —051V  (3)
CO, + 6H' + 6~ — CH30H + H,0, E* = 038V (4)

CO, + 8H" + 8¢~ — CHy4 + 2H,0, E° = —0.24 V (5)
2CO, + 12H" + 126~ — C,H, + 4H,0, = —034V  (6)

Based on eqn (1)-(5), the C, reaction products, CO, HCOOH,
HCHO, CH;0H, and CH,, are produced via 2, 4, 6 and 8 electron
pathways.®® Various metals have been reported to be CO,RR-
active materials.®® The preferred product of In, Sn, Pb, Bi and
their oxides is HCOOH.*"”* This is due to the fact that In, Sn, Pb,
Bi and their oxides have a dominant p-electron distribution,
which leads to a strong adsorption of CO," ™ and largely prevents
further reduction of CO, ".** Au, Ag and Pd have low ability to
adsorb the CO intermediate, thus leading to the easy generation
of CO.””7* In addition, due to the moderate binding energies of
different intermediates, Cu is the only metal that can produce
various reaction products (e.g. CH,, C,H;OH, C,H,, and
C3H,OH), while its selectivity toward a certain product is quite
I)()()r.75777

In recent studies, particular emphasis has been placed on Cu
catalysts due to their powerful ability to produce C, products
(e.g. C,H,, acetaldehyde, and ethanol) and a C; product
(C3H,0OH).”®” However, the overpotentials required for these
processes are more than 1.0 V vs. RHE. The working mecha-
nisms for forming these chemicals are quite complex, and
involve both electrochemical and chemical steps. For example,
the reaction mechanism shows that C,H, is formed via coupling
of *CH, species or CO insertion in a Fischer-Tropsch-like step.®*
In the real test, the energy barrier of the first step is quite high
due to low solubility in electrolyte and the high stability of CO,,
resulting in a high overpotential in the real electrochemical
tests.** DFT simulation was also performed to gain deep

View Article Online

Review

understanding of the working mechanism for producing C,
products. For example, Koper et al. reported the reaction
mechanisms of forming C,H, and C,HsOH, where the rate-
determining step is the coupling of two CO moieties to form
*C,0,.%* Therefore it is very important to ensure a rational
design of catalysts in order to obtain the target product.

4. Advanced regulation of core/shell
nanomaterials for enhanced CO,
electrocatalytic activity

After gaining an understanding of the synthesis of the core/shell
structure and the working mechanism of the CO,RR for
different products, it is essential to develop core/shell catalysts
for enhancing the CO,RR performance. Generally, the advanced
engineering of core/shell structures relies on several funda-
mental aspects, including lattice differences between the core
and shell, diversity in surface environments and varied
morphological evolution via different pretreatments. In order to
pursue high CO,RR activity of core/shell nanomaterials, several
advanced strategies have been developed, including (1) strain
engineering, (2) surface engineering and (3) phase engineering.
In this section, a basic overview of these strategies for
enhancing the CO,RR performance is provided.

4.1. Strain engineering

According to the Sabatier principle, the binding strength
between the reaction intermediates and catalyst surface governs
the reaction rate, where a moderate binding strength leads to
the desired selectivity.®® The d-band center model claims that
the position of the d-band center has a great influence on the
interaction with adsorbates: a downshift of the d-band center
leads to a decreased interaction with adsorbates, while an
upshift of the d-band center results in a stronger interaction.**
In order to effectively tune the d-band center position, several

Table 2 Typical examples of synthesis of core/shell structures via the multi-step strategy

Method Core Shell Metal precursor Conditions Reference
Solvent method Au Cu Cubic Au nanoparticles, CuCl, 40°C, 2 h 45
Solvent method Au Pd Au seed H,PdCl,, t-ascorbic acid, ice bath, 1 h 46
Solvent method Pd Pt Pd nanocubes Na,PtCls 6H,O 47
Solvent method Pd PtNi Pd nanosheets Pt(acac),, Ni(acac), 47
Solvent method Pd PtRh Pd nanosheets Pt(acac),, Rh(acac), 47
Solvent method Pd PtRu Pd nanosheets Pt(acac),, Ru(acac), 47
Solvent method Pd Pt Pd icosahedral seeds 110 °C, 1 h and 200 °C, 10 min 48
Solvent method Pt Pd Cubic Pt 50 °C, 5 min 49
Solvent method Au Cu Au nanocrystals 198 °C, 3 min 50
Solvent method PdCu Pd PdCu 40 °C,2 h 51
Solvent method Cu SnoO, Cu NPs Sn(acac), 250 °C,2 h 52
Solvent method Cu In,04 Cu NPs In(acac), 270 °C, 1 h, Ar 53
Solvent method Ag;Sn SnoO, Sn NPs AgNO; Galvanic displacement 54
Solvent method Pd NiO Pd@Ni core/shell NPs Treatment with H,O, 55
Annealing treatment AuCu Au Disordered AuCu NPs Quick heat, 300 °C, 50 min 56
Annealing treatment Pd NiO Pd@Ni core/shell NPs Annealing in air 57
Electrolysis process AuFe Au AuFe NPs Electrochemical leaching 58
Deposition process Cu Au Cu NWs Sputter deposition 59

20484 | J. Mater. Chem. A, 2019, 7, 20478-20493
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Fig. 4 (a) Schematic illustration of the preparation of the Pd/NiO core/shell structure. (b) TEM image of the Pd/NiO core/shell structure. (c)
Schematic illustration of the important role of open channels and interfaces in the catalytic reaction. Reproduced with permission.>* Copyright

2019, Elsevier Ltd.

strategies have been proposed, in which strain engineering is
effective in modulating the position of the d-band center based
on the mismatch between the core and shell materials.***” For
example, an only 1% strain change in Pt can trigger a ~0.1 eV
shift of the d-band center, which is sufficient to affect the
adsorption strength of surface reactants in the oxygen reduction
reaction (ORR).*® Besides ORR-active metal Pt, several CO,RR-
active metals have a strong strain response.** In detail, the
ratios between the intrinsic surface pressure and the corre-
sponding bulk modules of Au, Pd, Cu and Ag on the close-
packed surfaces are up to 7.8%, 6.5%, 6.1% and 4.7%. This
fascinating property has led to a blossom in fundamental
research on the strain engineering of core/shell catalysts for CO,
reduction (Table 3). In order to pursue high CO,RR perfor-
mance via strain engineering, the first big issue is how to
generate strain to a desired level. In principle, either the
compressive or the tensile strain can be easily modified in the
core/shell structure due to the lattice mismatch between the
core and shell.**** Recent advances demonstrate that strain
tuning in core/shell structures has a great effect on tuning the
adsorption energies of the intermediate, opening a new direc-
tion for pursuing high-efficiency core/shell catalysts. For
example, applying high tensile strain on Cu gave rise to the
position of the d-band center, leading to a more reactive
surface.” This changed surface induced a stronger adsorption
of *CO. This concept has been extended to practical experi-
ments. Reske et al. varied the Cu thickness on a Pt surface

This journal is © The Royal Society of Chemistry 2019

(Fig. 5b).°> The difference in unit cell parameters between Cu
(3.61 A) and Pt (3.92 A) gave rise to tensile surface lattice strain.
Varela et al. also grew a Cu overlayer on Pt (111) and Pt (211)
surfaces to generate tensile strain on the Cu surface.”® In both
systems, the catalysts with the Cu overlayer show thickness-
dependent CO,RR performance, better than that of the pure
metal catalyst. They claimed that the enhanced CO,RR
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Table 3 Typical examples of core/shell catalysts for enhanced CO2RR via strain engineering

Strain effect Core Shell Target products Faradaic efficiency Reference
Tensile strain Pt Cu CH, 7% 92
Tensile strain Pt Cu CH, 32% 93
Tensile strain Ag Cu-7 (7 min heating time) CcO 82% 94

Cu-20 (20 min heating time) C,H, 28.6%

Compressive strain AuCu Au CO 80% 56
Compressive strain Cu SnoO, CoO 93% 52
Compressive strain Cu In,0; Syngas — 53

performance is attributed to the surface structure and the
tensile strain on the Cu surface. In another study, catalysts with
a Ag core and a shell with different Cu thicknesses were
prepared by heating Ag-Cu bimetallic NPs for different time
periods, as reported by Wang's group, where the highest selec-
tivity to ethylene was shown by Ag@Cu-20 (Fig. 5c).** They
claimed that the tensile surface lattice strain gave rise to
enhanced *CO adsorption, leading to an improved ethylene
conversion. However, since tensile strain is a short-range effect,
the strain effect gradually diminishes when the coating
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thickness becomes thicker, leading to decreased FEs of the
hydrocarbon products.

The compressively strained surfaces were also reported to be
beneficial for improving the CO,RR performance. Yang's group
successfully introduced compressive strain in a AuCu system to
enhance the selectivity of CO via thermal annealing of disor-
dered AuCu NPs at high temperature*®(Fig. 5e and f). The
catalyst after thermal annealing was composed of the interme-
tallic AuCu core and pure Au shell. The FE of CO production by
disordered AuCu/Au is only 33%, while that achieved by ordered
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Fig.5 The CO,RR performance of catalysts via strain engineering. (a and d) Schematic illustration of the tensile and compressive strain effect. (b)
Scheme of the CO,RR on the Cu/Pt core/shell structure. Reproduced with permission.®> Copyright 2013, American Chemical Society. (c) CO,RR
activities on Ag/Cu catalysts with different Cu shell thicknesses. Reproduced with permission.®* Copyright 2017, American Chemical Society. (e
and f) CO,RR performance comparison on AuCu catalysts with different atomic orders. Reproduced with permission.*® Copyright 2017,
American Chemical Society. (g—i) CO2RR performance obtained by using Ag/SnO, with the optimized SnO, shell. Reproduced with permission.>*

Copyright 2017, American Chemical Society.
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AuCu increases to 78%. DFT calculation revealed that the
enhanced selectivity to CO arises from the three atom thick layer
of Au under moderate compressive strain, which leads toa 0.1 eV
energetic change. This energetic change was sufficient to reduce
the limiting potential for CO, reduction. The positive effect from
the compressive strain on the enhanced selectivity was also re-
ported in the metal/oxide core/shell system. Sun's group reported
Cu/SnO, core/shell catalysts with different SnO, thicknesses for
selective CO,RR (Fig. 5g-i).”> When the thickness of SnO, was up
to 1.8 nm, the catalyst showed Sn-like activity by producing
HCOOH. When the shell thickness decreased to only 0.8 nm, this
catalyst exhibited an interesting Au-like activity reaching a fara-
daic efficiency of CO of 93%. DFT calculation showed that there
was a large compression (10%) on the SnO, shell due to lattice
mismatch between SnO, and Cu. Meanwhile, the Cu atoms
migrated to the SnO, surface, forming a Cu doped SnO, surface.
Benefiting from the compression effect on the SnO, surface and
doping effect from Cu, CO production became energetically more
favorable. In another similar system with Cu as the core and
In,0; as the shell, the catalysts with different thicknesses enabled
tunable H,/CO ratios with high current densities at low over-
potentials.*® This work claimed that the synergistic effect from
compression strain and Cu doping into In,O; favored the
formation of *COOH instead of HCOO*, leading to the preferable
production of CO.

4.2. Surface engineering

Apart from the strain engineering strategy, the surface engi-
neering strategy paves another way of obtaining core/shell
electrocatalysts with enhanced CO,RR performance. In the
core/shell structure, the shell is the place where the CO,RR
takes place. In order to achieve high performance, a well-
modified shell is highly appreciated. Surface engineering of
the core/shell structure is considered to be a feasible way to
enhance the CO,RR performance, and has been well-realized
through several important strategies, including the (1) surface
doping strategy, (2) surface defect strategy, and (3) surface
reduction strategy. In this section, we will elucidate the
important role of surface engineering in enhancing the CO,RR
performance based on these three pathways (Table 4).

First of all, performing the surface doping strategy to tune
the CO,RR performance is well documented. It is well known
that Cu is the only material that reduces CO, to generate C,,
products with higher economic value, such as C,H, and liquid

View Article Online
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multi-carbon alcohols.?® It is of interest to modify the Cu surface
to narrow the number of the products towards the specific
target products with desired selectivity. Here, surface doping
engineering of Cu based catalysts for improving the selectivity
for C,, products was chosen as a typical example to gain a better
understanding of the surface doping strategy. In principle,
surface Cu®" is regarded as the active site for achieving C,
products with high selectivity, while it tends to be reduced to
Cu® under the CO,RR operation conditions.”®*” This makes it
important to study how to improve the stability of Cu®". The
unique advantages of the surface doping strategy pave a new
way to overcome this challenge. First of all, the key point of the
doping strategy is to optimize the binding energy of a reaction
intermediate on the catalyst surface and working kinetics
through doping with a specific element. For instance, doping
with heteroatoms (e.g. B, N or Ni) can greatly decrease the CO,
adsorption barrier, which facilitates the CO,RR process.”® More
importantly, the surface doping strategy also endows catalysts
with long-term stability properties by preventing the dissolution
of the metal as well as maintaining the initial morphology to
a large extent.” All these advantages trigger the intensive study
of the surface doping strategy for enhanced CO,RR. Sargent's
group reported an interesting core/shell catalyst with a Cu core
and B doped Cu as the shell, which provided an unprecedented
high C, FE of 79 £ 2% and less than 0.1% C; product at —1.1 V
vs. RHE (Fig. 6a and b).*> DFT simulation established that the B
modified Cu surface was a more thermodynamically favorable
surface for C, production. More specifically, the B dopant
promoted the conversion of CO, to C, products by decreasing
the reaction energy for the rate-limiting step: CO* + CO* —
OCCO*.

However, it suppressed the conversion of CO, to C, products
by increasing the reaction energy for the rate-limiting step: CO*
+ H* — CHO*. Therefore surface doping of B into Cu can
greatly improve the C, production. This catalyst also exhibited
excellent stability over 40 h at —1.1 V vs. RHE, suggesting the
vital role of the B dopant in stabilizing Cu’" active sites.

Surface defects also play a vital role in improving the CO,RR
selectivity by modulating the adsorption and desorption of
intermediates on the catalyst surface. Tuning the metal atomic
vacancy defects in the shell is crucial for influencing the elec-
tronic structure of neighboring metal atoms and therefore the
energy barrier of the reaction intermediate.’® One typical
example is reported by Zhuang et al., in which they controlled

Table 4 Typical examples of core/shell catalysts for enhanced CO,RR via surface and phase engineering

Strategy Core Shell Products Selectivity References
Surface vacancy engineering Cu,S Cu vacancy C,. alcohol 32+ 1% 43

Surface defect engineering AuFe Au Cco 90.8% 58

Surface defect engineering Sn SnS, HCOOH 84.5% 103
Surface defect engineering Cu CuB Cay 64 + 2% 42

Surface reduction engineering Cu;N Cu Cy 64 + 2% 102

Phase engineering Cu SnO, HCOOH 70.5% at —1.0 V vs. RHE 40

CO 70% at —0.7 V vs. RHE
Phase engineering Cu SnoO, HCOOH 90.2% 62

This journal is © The Royal Society of Chemistry 2019
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the density of Cu vacancies on the surface via electrochemical
reduction of copper sulfide.”® As shown in Fig. 6c and d, the
core/shell catalyst is composed of a Cu,S core and Cu vacancy
shell, which is more selective to a C,. alcohol (C,HsOH and
C;H,0H) production rate of 126 4+ 5 mA cm™ > with a selectivity
of 32% Faraday efficiency. For comparison, the Cu NPs and
Cu,S/Cu NPs presented high selectivity to alkenes under the
same conditions. In principle, the CO, electrochemical reduc-
tion pathways to ethanol and ethylene are very similar until the
final three proton-coupled electron transfer steps. In the last
step, *C,H30 transfers to ethanol under the carbon proton-
ation, and to ethylene via leaving an oxygen atom. From this
perspective, controlling the adsorption of *C,H3;0 by modifying
the surface environment may be effective for tuning the selec-
tivity to the desired alcohols. DFT simulation shows that in the
pure Cu system, the energy barriers for generating ethylene and
ethanol are 0.560 and 0.645 eV. When introducing a vacancy
into Cu, the energy barrier for ethylene production increases
slightly, and that for ethanol production is almost the same.

20488 | J. Mater. Chem. A, 2019, 7, 20478-20493

More interestingly, after combining the vacancy added copper
shell and Cu,S core, the energy barrier to ethylene greatly
increased (1.148 eV), while that to ethanol remained mostly
unaffected. The big differences for ethylene and ethanol
produced by the Cu vacancy defects and subsurface S atoms
suggest that the production of ethanol is more favorable.

In addition, tuning the concentration of oxygen vacancies in
the oxide shell can improve the adsorption of CO, on the surface
since CO, tends to be stabilized at the oxygen vacancy site via
forming a bond between one oxygen atom of CO, and the oxygen
vacancy.'” For example, Luc et al. reported a Ag-Sn bimetallic
catalyst with a Ag;Sn core and an ultrathin SnO, shell with a high
HCOOH FE of ~80% under a current density of ~16 mA cm ™2 at
—0.8 V vs. RHE.* The SnO, shell was partially oxidized with
abundant oxygen vacancies present in it, as confirmed by XPS.
The formation energies of COOH* and OCHO* as a function of
CO,* adsorption energy on the oxygen vacancy modified SnO,
shell were calculated as the descriptors to provide an explanation
for the high HCOOH FE obtained using the Ag;Sn/SnO, core/shell

This journal is © The Royal Society of Chemistry 2019
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catalyst. COOH* and OCHO* are the intermediates for the
production of CO and HCOOH, respectively. The formation of
COOH* was highly favorable compared to that of OCHO* on the
SnO, surface with oxygen vacancies.

Besides surface doping and surface defect strategies, the
surface reduction strategy plays a significant role in determining
the CO,RR activity and selectivity. The newly generated surface is
formed via reducing the core material. In this system, the core
material is very important, as it can modulate the partial oxidation
state and electronic structure of the metal surface, as well as
influence the chemisorption of the intermediates for the
CO,RR." To achieve different core/shell systems, reducing
oxides, nitrides or sulfides to form a pure metal thin shell is highly
recommended. One typical example is reported by Liang et al.,
where they constructed a Cu;N/Cu core/shell catalyst by electro-
reducing CuzN via cyclic voltammetry, which exhibits a FE of 64 +
2% for C,. products (Fig. 6e-g). In order to reveal the important
role of CuN; in enhancing the catalytic performance, they
compared the FEs of different products by using Cu, Cu,0/Cu and
CuzN/Cu catalysts. CuzN/Cu gives the highest C,, production,
much higher than those of Cu and Cu,0/Cu. Compared to Cu, the
Cu/Cu" core/shell catalysts showed obvious suppression in CH,4
selectivity largely due to the increased local pH. In addition, XPS,
in situ CAS and HRTEM-EELS characterizations revealed that
Cu;N stabilized a higher concentration of Cu' than did Cu,O
during the CO,RR, leading to a higher C,, selectivity. The DFT
simulation result also confirmed this result since the calculated
energy barrier to the C; pathway under Cu;N/Cu was higher than
those under Cu,O/Cu and Cu.

View Article Online
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4.3. Phase engineering

The CO,RR is a typical surface-sensitive reaction, therefore make
it significantly important to discover different surface environ-
ments. The essential idea behind the phase engineering strategy is
to take advantage of the interface and morphology to operate the
catalytic reaction under the desired reaction pathway. The core/
shell structure is a good platform to form the catalysts with
different morphologies and interfaces, offering many more
possibilities for achieving high CO,RR selectivity.'”® With
morphology modulation, the number of active sites can be greatly
increased and the preferable active facet can be generated.'™ In
addition, engineering of interfaces has an intensive influence on
modulating the catalytic activity, stability and selectivity.'® First,
the positive effect of the interface on improving the activity arises
from its great ability to balance the adsorption and desorption of
intermediates on the surface.’® Then, thanks to the strong
connection between the catalyst and support, the interface greatly
prevents agglomeration and therefore improves the catalytic
stability.’” More importantly, building an interface provides
a new insight into modulating the selectivity, as the main target
for the CO,RR."® Utilizing the important role of the interface in
modulating the binding strength, high selectivity to the target
product can be achieved via paving a desirable pathway to the
target products, instead of byproducts.

To perform phase engineering on the core/shell structure,
a systematic annealing treatment with different annealing gases
and temperatures should be taken into consideration. Wang
et al. reported phase engineering of a Cu/SnO, core/shell
structure to optimize its CO,RR performance.* By controlling
the annealing gas and temperature (250 °C for 1 h in air; 250 °C
for 1 h in 5%H,/95%N,; 250 °C for 1 h in air and 1 h in 5%H,/
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95%N,), the Cu/SnO, core/shell structure could be easily
changed into Cu-SnO, with different structures and phases,
including a CuO/hollow SnO, heterostructure (CuSn NPs/C-A),
Cuy;Sn,;@SnO, core/shell structure (CuSn NPs/C-H) and Cu/
hollow SnO, Janus structure (CuSn NPs/C-AH) (Fig. 7). During
the CO,RR, the catalyst with the CuO/hollow SnO, hetero-
structure (annealed in air) exhibited an optimized catalytic
performance, with the product being tuned from CO to HCOOH
by simply changing the potential from —0.7 V to —1.0 V vs. RHE.
To further reveal the mechanism behind the CO,RR perfor-
mance, they carefully characterized the phase engineering
catalyst after a 15 min chronoamperometry test, where all the
catalysts underwent an intensive surface and structural evolu-
tion. The HRTEM image revealed that the hollow structure and
core/shell structure in CuSn NPs/C-A and CuSn NPs/C-H still
remained. However, CuSn NPs/C-AH showed an obvious
morphological change where the original hollow SnO, shrank
into a solid particle. This morphological evolution indicated
that CuSn NPs/C-A had the largest density of Cu/SnO, inter-
faces. To further elucidate the effect of Cu/SnO, interfaces on
enhancing the CO,RR selectivity, DFT calculation was carried
out. On the basis of DFT results, it was concluded the Cu/SnO,
interfaces facilitated the formation of the COOH* intermediate
by decreasing the reaction free energy (Fig. 8). This work high-
lights the importance of phase engineering for improving the
CO,RR performance.

20490 | J. Mater. Chem. A, 2019, 7, 20478-20493

View Article Online

Review

5. Conclusions and perspectives

In recent years, numerous achievements for enhancing the
CO,RR performance have been obtained by using core/shell
structures as the candidate, due to the strong synergistic
effect between the core and shell, diversity in surface environ-
ments and varied morphological evolution. In this review, we
first summarized the fabrication of core/shell structures via
one-step and multi-step pathways. Although the one-step and
multi-step pathways provide effective ways to prepare different
kinds of core/shell structures, such as metal(alloy)/metal(alloy)
and metal/oxide structures, the candidates with potential
CO,RR performance are still limited. For example, based on
surface segregation energies of different metals, the number of
core/shell structures with a Cu shell obtained via the one-step
pathway is very limited. To expand the useful core/shell struc-
ture for the CO,RR, different reaction conditions, such as gas,
temperature, and metal precursors, should be taken into
consideration. In addition, a systematic understanding of the
growth mechanism will be very helpful. To gain insights into
the growth mechanism, in situ characterization of different
reaction intermediates is necessary. For example, in situ X-ray
absorption spectroscopy can be used to monitor the structural
evolution and change of the surface coordination number
during the growth process.

Then we demonstrated how to improve the CO,RR activity,
selectivity and stability by strain, surface and phase engineering
of core/shell structures, as revealed by several representative
results. Despite remarkable progress having been achieved,
several key issues remain to be resolved. For real-world CO,RR
application, three parameters should be taken into consider-
ation: activity, selectivity and stability. The key element in
improving the CO,RR activity is to achieve high energy effi-
ciency applying a small overpotential. In this regard, further
improvement of CO, adsorption in electrolyte is greatly needed.
In addition, more precise electrochemical measurements are
needed to make a better evaluation of the true catalytic
performance compared with that of other catalysts. In addition,
to improve the overall cell efficiency, developing high activity
and stability OER catalysts, especially in an acidic environment,
is also highly required.

The second big challenge that should be focused on is to
achieve the desired selectivity to the target product. Up to now,
most of the studies have been focused on producing CO,
HCOOH or CH,. Actually, the conversion of CO, into C,,
products is more attractive, since the C,, products have higher
economic value per unit mass. Cu is reported to be the most
promising candidate to catalyze C,, production, although its
efficiency is still unsatisfactory. To achieve this goal, a better
understanding of the working mechanism with both experi-
mental and theoretical studies is needed. For example, Cu®" is
suggested to be the active site for obtaining high FE for C,
products. Therefore, how to introduce and maintain a high
concentration of Cu®* in Cu catalysts under CO,RR operation
conditions needs further exploration.

This journal is © The Royal Society of Chemistry 2019
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Finally, maintaining good stability under a long-term CO,RR
stability test still remains a big issue. This is due to the fact that
the operating overpotentials for obtaining CO,RR products,
especially those having more than two carbons, are extremely
high, which not only easily destroy the catalyst's original
structure and morphology, but also lead to large energy loss.
This tough situation sets high requirements for the design of
catalysts. Take pure Cu catalyst as an example. According to the
literature, Cu shows negligible C,. production after only 5 hours
of operation. This situation sets a high requirement for shell
modification. To overcome this limitation, building the cata-
lysts on different substrates is particular interesting due to the
strong binding strength between the support and catalyst,
which definitely needs further investigation.
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