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Catalytic conversion of CO, to produce fuels and chemicals is attractive in prospect because it provides an
alternative to fossil feedstocks and the benefit of converting and cycling the greenhouse gas CO, on a large
scale. In today's technology, CO, is converted into hydrocarbon fuels in Fischer—Tropsch synthesis via the water
gas shift reaction, but processes for direct conversion of CO, to fuels and chemicals such as methane, methanol,
and C,, hydrocarbons or syngas are still far from large-scale applications because of processing challenges that
may be best addressed by the discovery of improved catalysts—those with enhanced activity, selectivity, and sta-
bility. Core—shell structured catalysts are a relatively new class of nanomaterials that allow a controlled integration
of the functions of complementary materials with optimised compositions and morphologies. For CO, conver-
sion, core—shell catalysts can provide distinctive advantages by addressing challenges such as catalyst sintering
and activity loss in CO, reforming processes, insufficient product selectivity in thermocatalytic CO, hydrogena-
tion, and low efficiency and selectivity in photocatalytic and electrocatalytic CO, hydrogenation. In the preceding

Received 15th December 2019 decade, substantial progress has been made in the synthesis, characterization, and evaluation of core—shell cata-

DOI: 10.1039/c9¢s00713] lysts for such potential applications. Nonetheless, challenges remain in the discovery of inexpensive, robust,
regenerable catalysts in this class. This review provides an in-depth assessment of these materials for the thermo-

rsc.li/chem-soc-rev catalytic, photocatalytic, and electrocatalytic conversion of CO; into synthesis gas and valuable hydrocarbons.
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1. Introduction

Rapid population growth and technological advances, powered
by unrestrained fossil fuel exploitation, have led to significant
increases in atmospheric anthropogenic emissions of green-
house gases such as CO, causing climate change at an accel-
erating pace and threatening the future of our living planet.
Global anthropogenic CO, emissions are currently estimated at
about 36.5 gigatons per annum. Reduction in CO, emissions
has been recognized as essential in preventing the consequences
of global warming in treaties such as the Kyoto Protocol and the
Paris Agreement. In this context, carbon capture and storage
(CCs) and, secondarily, carbon capture and utilization (CCU) are
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crucial for controlling CO, emissions from human activities. CCU
aims at capturing exhaust or atmospheric CO, and using it as a
feedstock in industrial processes to produce more economically
valuable products. CO, conversion to chemicals, fuels, concrete-
building materials and microalgae fuels, and its application in
enhanced oil recovery are some of the pathways of CCU."™>'*
These can reduce industrial CO, emissions, displace fossil fuel
use and help to lessen atmospheric CO,. The use of CO, for
industrial production of fuels constitutes a ‘cycling’ pathway,
whereby carbon is moved cyclically through different industrial
systems over timescales of days, weeks or months. CO, use to
produce fuels using renewable energy sources enables the delivery
of renewable energy in the convenient form of liquid fuels,
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which can be easily transported and stored. CO, conversion to
chemicals would provide a benefit in CO, storage in a time-
frame of the order of a few decades; however, the volume of CO,
that could be cycled through chemicals is quite low in prospect
compared with what could be cycled through fuels.

CO, can be described as the ultimate climate-friendly source
of the carbon that constitutes chemicals and fuels, but we
emphasize that the use of CO, to produce fuels and chemicals
does not provide a net CO, removal from the atmosphere—rather,
it can displace fossil fuel consumption and may reduce net CO,
emissions. Estimates for the potential scale of CO, utilization in
fuels range from 1 to 4.2 gigatons per annum.™ CO, capture and
utilization to produce fuels and chemicals is, hence, potentially
significant for helping to meet global emission targets and
simultaneously offsetting the increasing demand for fossil energy
and fossil feedstock-derived chemicals.

CO,, conversion into speciality chemicals such as urea and
salicylic acid is already carried out with mature, well-established
technologies, but the production scale is low and the effect on
global CO, emissions minimal. Technologies that may consume
CO, on a markedly larger scale include the conversion of CO,
into hydrocarbon or other liquid fuels, either directly by hydro-
genation or indirectly via syngas production. In the indirect
route, CO, is used to reform hydrocarbons such as methane
from natural gas or shale gas to produce synthesis gas (syngas,
H, + CO) by the dry or CO, reforming of methane (DRM)
process. Syngas components are among the key building blocks
of the chemical industry and can be converted into hydrocarbons
and oxygenates by Fischer-Tropsch (FT) synthesis or by methanol
synthesis. Syngas may also be used as a source of hydrogen for
other industrial processes or for fuel cells. The process of CO,
reforming of methane can complement processes for syngas
production from other, more established technologies such as
steam reforming of methane (SRM) or autothermal reforming
(ATR). The ideal H,/CO molar ratio of syngas from DRM is 1,
which is suitable for FT synthesis to give high yields of long-chain
hydrocarbons. Mondal et al.'® conducted an economic evaluation
and concluded that for a methanol production plant, the DRM
process was characterised by a lower production cost and lower
carbon footprint than SRM, assuming the availability of low-cost
CO, in sufficient purity.

Direct routes for CO, conversion to fuels involve the reaction
of CO, with hydrogen to form CO, methane, methanol, olefins,
dimethyl ether, etc., with the products depending on the catalyst,
reactor, and operating temperature and pressure. CO, reduction
may be carried out by thermal catalysis, photocatalysis, or electro-
catalysis. Thermal catalysis provides the advantage of more favour-
able kinetics and has received significant attention. Direct
electrochemical reduction of CO, with water under the influence
of an external electric field is also in prospect an attractive process
that combines the two steps of generating hydrogen from water
and reduction of CO, in a single step—that can be carried out
under ambient conditions. Photocatalytic reduction of CO, uses
semiconductor materials to harvest solar energy and convert CO,
to CO, methane, methanol, or other compounds and can be
operated under mild conditions without additional energy input.

This journal is © The Royal Society of Chemistry 2020
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The source of hydrogen used in the conversion of CO, is
critical in determining the overall environmental impact (and
economics) of the processes. For the CO, reduction process to
be net CO, consuming, it is necessary to have H, produced from
non-fossil sources of H, using renewable energy sources.'”
Production of H, by water splitting with electricity generated
from solar or wind sources is considered to be a potentially
economical route to establishing a sustainable carbon-based
cycle and remains a focus of active research. In a review,
Perathoner et al.*® elaborated on possible routes for introducing
renewable energy into the chemical production value chain
using CO, as a carbon source. Essentially, CO, can be used as
an energy vector for converting renewable energy, if renewable
sources are used for producing the H, to hydrogenate CO,. The
conversion of CO, to methane or liquids such as methanol,
olefins, etc. that can be easily stored and transported provides a
convenient way to harness renewable energy.

To displace fossil-derived carbon through CCU, it will be
necessary to convert CO, with renewable H, into fuels or chemicals
at costs that are competitive to allow integration into the energy
and chemical chain. A recent life cycle analysis by Gonzalez-Garay
et al.'® concluded that the cost of producing hydrogen from water
electrolysis takes up 27% to 79% of the cost of green methanol
production from CO, captured from coal power plant emissions,
depending on the source of electricity (nuclear, wind, solar, or
biomass). Currently, green methanol from a coal plant exhaust
CO, is predicted to cost 1.3 to 2.6 times that of its fossil-based
analogue, which can be expected to drop significantly with a drop
in electricity cost for hydrogen production. This analysis was
conducted assuming point sources of CO, with high CO, concen-
trations, and not atmospheric CO,. Atmospheric CO, is signifi-
cantly more challenging and expensive to capture and convert
than point-source CO, such as that in an industrial exhaust
stream. The ambitious long-term goal of CCU is economic
capture and conversion of atmospheric CO,.

The preceding few decades have witnessed a boom in research
focused on candidate technologies to convert CO, into hydro-
carbons via direct or indirect routes.>**® However, most of the
prospective technologies are immature and require significant
improvement prior to implementation on an industrial scale. As
with most chemical conversion technologies, the key to success is
the catalyst—which must have suitable activity, selectivity, and
stability and not be too expensive. Thus, developing and tuning
catalytic materials have taken centre stage in research on CO,
conversion technologies, with marked advances having been
made in recent years. Yet significant challenges remain.

In the indirect route of CO, conversion by dry reforming of
hydrocarbons, highly active and selective catalysts have been
developed, but most lose their activity rapidly under the harsh
conditions of the process—as a result of sintering of the
catalytically active components and/or formation of surface-
blocking deposits of carbonaceous material (coke).>®

A major challenge in CO, conversion to methanol is the equili-
brium constraint that necessitates operation at low temperatures—
there is a classic thermodynamics-kinetics trade-off here. The
high stability of CO, and poor reaction kinetics make it difficult

Chem. Soc. Rev., 2020, 49, 2937-3004 | 2939
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to achieve high conversions at low temperatures. Further, in
CO, conversion to methanol, methanol selectivity is a challenge
because of important side reactions such as the reverse water
gas shift (RWGS), which consumes valuable hydrogen and yields
CO and H,O0. Catalyst stability is also a concern.”” FT synthesis
of hydrocarbons from CO, suffers from very low yields of any
one product, as a smear of hydrocarbons (with a statistical
distribution) is formed, along with oxygenates, depending on the
catalyst. These limitations make the cost of product separation a
major concern. Hence, a key focus of research on thermocatalytic
CO, hydrogenation processes is to discover catalysts that can
improve CO, activation and increase selectivity to desired products
while suppressing competing reaction pathways.

The primary challenge for electrochemical CO, reduction
with water is poor energy efficiency and the requirement of very
high potentials to drive the reaction towards desirable products.
The conversion of CO, into hydrocarbons and oxygenates such
as alcohols, involving multiple electron (>6) reduction path-
ways requires high overpotentials, which implies high energy
input and the significant occurrence of the parasitic side-
reaction that is hydrogen evolution from water, leading to low
overall faradaic efficiency for CO, reduction. Electrochemical
CO, reduction can also form a wide variety of products such as
CO, formate, formaldehyde, methane, ethylene, alcohols, etc.,
and achieving high selectivity to one product is still a challenge,
specifically for C,, hydrocarbons and oxygenates. Inefficient
performance of the electrocatalysts has been recognized as the
greatest challenge for practical electrochemical CO, reduction.>

Similarly, for photocatalytic CO, reduction, the key challenge
is the poor energy efficiency of the available systems to absorb
and convert solar energy to hydrogenate CO,; even with the best
known methods, the conversions are characterised by extremely
low product yields. And there are only limited means to control
product selectivity. The complexity, efficiency and cost of photo-
catalytic reactor systems also remain a concern, and some of the
key design challenges include light collection/concentration,
even illumination, efficient mass transfer, and ease of separation
of photocatalysts from products.®® The intermittent nature of
sunlight creates an inherent constraint for photo-catalytic systems
using sunlight as the photon source. Alternate sources of photon,
such as artificial light from conventional or LED lamps, consume
electricity and are limited by their own wall-plug efficiencies. We
do not discuss the design of reactors in this review but instead
concentrate primarily on the catalyst. The achievable rates of
photocatalytic reduction of CO, with the best known photo-
catalysts today remain insufficient for commercial exploitation."”
When water is used to hydrogenate CO, directly, water reduction to
form hydrogen becomes a parasitic side reaction that competes with
CO, reduction and reduces the overall productivity. It is hence
imperative to improve the photo-efficiencies and selectivities of the
catalysts and the overall reaction rates of the process.

Thus, there is significant need to discover CO, conversion
catalysts that are improved in all these respects. The multiplicity of
these needs has led to intensive research on catalysts with more
intricate structures than conventional catalysts. Conventional solid
catalysts traditionally used in industrial processes consist of an
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active phase dispersed on a stable porous support, often with a high
specific surface area (even hundreds of square meters per gram).
Conventional preparation techniques for dispersing catalytic phases
on supports, such as impregnation, deposition-precipitation,
sol-gel synthesis, etc. are carried out economically on commercial
scales, but they do not provide much control of the precise structure
of the catalyst at the atomic and nano scales. Consequently, non-
uniform catalyst structures are the rule, sometimes with poor
dispersions of the active phase—to the detriment of the selectivity,
activity, and perhaps the stability of the catalyst.

But recent rapid advances in nanotechnology and materials
synthesis methods have now made it possible to synthesize
nanomaterials with well-defined sizes, shapes, crystal facets,
and morphologies, all providing opportunities to tailor catalysts
for effective performance for specific conversions. These
advances are at the core of progress in CO, conversion catalysis,
and especially noteworthy are core-shell materials—these allow
a controlled integration of complementary components of various
materials (usually metals, metal oxides, metal sulphides, or carbon-
based materials) in unique morphologies—to exhibit synergistic
effects that combine multiple functionalities in one structure.*!

Broadly, a core-shell structure is a composite nanomaterial
that consists of an inner core material surrounded by a shell
material, each having structural and/or compositional features
with dimensions at the nano scale. This term in the context of
catalysis was originally coined for concentric spherical layered
core-shell structures, with the shell being porous to allow
transport of reactants and products through it, and the core
usually also being porous to allow transport throughout it.
Terms such as ‘“egg yolk,” “egg white,” and ‘“egg shell” have
been used frequently for such catalysts. The typical motivations
for using core-shell catalysts have focused on optimisation of
transport-reaction trade-offs, allowing efficient utilization of the
catalytically active material—for example, so that catalytically
active species in the interior regions of the materials are not
starved of reactants because of transport limitations, but possibly
being starved of undesirable reactants, such as those causing
catalyst deactivation.

Now, with growing interest in core-shell catalysts, their
definition has been extended to include structures with distinct
boundaries between the two (or more) constituent materials,
whereby the inner material is partially or completely encapsulated
by the outer material and possibly even chemically bonded to it,
with the core and/or shell sometimes being so small as to have
dimensions at the nano or even the atomic scale.*

A core-shell material may have highly distinctive functionalities,
arising from the ranges of physical and chemical properties of the
core and shell, influenced by their compositions, structures,
and dimensions. Thus, core-shell nanomaterials offer flexibility
for integrating multiple functionalities such as catalytic activity,
adsorption capacity, conductivity, photocatalytic activity, dielectric
properties, biocompatibility, etc. that make them attractive for
applications in catalysis, energy storage, optoelectronics, and bio-
nanotechnology. In catalysts, the active sites may be in the core or
the shell (or both), or, at the interface. Some such catalysts are
bifunctional, with products formed on one kind of catalytic site

This journal is © The Royal Society of Chemistry 2020
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transported to another. Other than combining the individual
synergistic functionalities of the core and shell, the core-shell
catalysts also offer new properties that arise from the inter-
action between the core and shell.

Core-shell materials have contributed to significant recent
progress in CO, conversion research. Sinter-resistant core-shell
catalysts have been developed that can withstand the high
temperatures of CO, reforming reactions for extended periods
without significant coke formation.*® Bifunctional (tandem)
core-shell catalysts have been made to have significantly higher
selectivities in CO, hydrogenation than conventional catalysts
to desired products such as methanol, C,, hydrocarbons, and
oxygenates.> Core-shell structured catalysts with a lattice mis-
match between the core and shell have been used to change the
electronic properties of the active sites and tune the adsorption
energies of the intermediate reactant species to promote product
selectivity or reduce energy barriers for electrocatalytic CO,
reduction.***> Core-shell structures have also drawn interest
in photocatalysis because they can markedly improve efficiency
by separation of photo-generated charges and by improving
light absorption through the integration of suitable materials
and interfaces.*®

Several recent reviews capture the rapid progress in research
on CO, conversion technologies, development of catalysts,
reaction mechanisms, and process improvements, with sugges-
tions about future research directions.**>**”"*° pérez-Ramirez
et al."’ reviewed CO, conversion for production of energy and
chemicals by catalytic, photocatalytic, and electrocatalytic
methods, emphasizing opportunities for design of CO, conversion
catalysts based on fundamental theoretical calculations. Song
et al.®® reviewed progress in catalysis of the production of hydro-
carbons by thermocatalytic hydrogenation of CO,, with a focus on
reaction mechanisms and routes to value-added chemicals. Sun
et al® reviewed advances in direct and indirect routes of CO,
upgrading in terms of catalyst design, performance, and reaction
mechanisms, considering both experimental work and calculations
at the level of density functional theory (DFT). Wang et al.*' reviewed
recent accomplishments in the materials field for CO, reduction by
photocatalysis, electrocatalysis, and photoelectrocatalysis. Homo-
genous and heterogeneous catalysis of electrochemical CO,
reduction have also been reviewed recently.****! Other reviews
summarize progress in catalyst development for CO,-assisted
reforming of methane.>**%**

In view of the significant recent work on core-shell catalysts
in the context of CO, conversion, we posited that there is a need
for a critical review focused on this topic. Thus, whereas most
reviews of core-shell structures focus primarily on materials
synthesis strategies, and the general applications,**>*
instead on the unique functionalities of core-shell structures and
their potential applications and advantages in the conversion of
CO, into fuels and chemicals by thermocatalytic, photocatalytic,
and electrocatalytic methods. We also highlight the limitations
of known core-shell catalysts, both from an economic and a
technological perspective and emphasize the need for rigorous
benchmarking investigations and technoeconomic analyses to
assess the potential of these materials for large-scale application.

we focus
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This review is divided into the following sections: introduction
and classification of core-shell nanomaterials; advantages of core-
shell materials in heterogeneous catalysis; application of core-shell
materials in CO, utilization reactions, specifically, (a) CO, reforming
of methane into syngas, (b) thermocatalytic hydrogenation of CO, to
CO, methane, methanol, and C,, hydrocarbons, (c) electrocatalytic
reduction of CO, into CO, hydrocarbons, or oxygenates, (d) photo-
catalytic hydrogenation of CO, into methane, syngas, hydrocarbons,
or oxygenates, and an outlook to the future and proposed directions
for further research.

2. Classification of core—shell catalysts

There is an enormous variety of core-shell materials in terms of
composition, morphology, properties, and applications, and in
the following sections we classify them.

2.1. Composition

Core-shell materials are broadly divided into inorganic, organic,
and inorganic-organic materials. Inorganics include metals,
metal oxides, metal salts, etc., and organics include polymers,
graphene, carbon nanotubes, etc.

2.1.1. Inorganic materials. Core-shell materials with inorganic
cores and shells are the most widely investigated category, with
much work focused on catalysis, optoelectronics, semiconductor
efficiency, and biological imaging. Inorganic cores may be nano-
particles of metals, metal oxides, metal sulphides etc., with metal
cores being the most common. Semiconductor materials such as
TiO, have been used as cores in photo-catalysts.

The shell is commonly a metal or metal oxide. Silica in its
many forms has received especially wide attention as a shell
material. Silica coatings on core nanoparticles provide benefits
such as high resistance to agglomeration in suspensions and
stability at high temperatures. SiO, shells are easy to synthesize
with good control of thickness, porosity, and morphology by
sol-gel chemistry or micro-emulsion methods, and there are
many examples of metal@SiO,**"> and metal oxide@Si0,.>*°

Metal oxides including TiO,,°>®' Al,0;,°* CeO,,"” Zr0,,%
CuO,** and others have also been investigated as shell components
of core-shell structures. For example, TiO,-containing materials
offer favourable optical and chemical properties, making them
ideal candidates for energy-related applications, including
photocatalysis. Core-shell structures with TiO, shells have been
synthesized by hydrolysis, precipitation, and hydrothermal
methods.®”®"** Ce0, has a high oxygen storage capacity, making
it a good candidate catalyst component for redox processes such as
combustion and reforming. Core-shell materials with CeO,
shells'>*** have been synthesized by precipitation, hydrothermal,
and self-assembly methods. Transition aluminas are the most
frequently used catalyst supports because of their low cost,
good hydrothermal stability, acid/base properties, and ease of
production with tailored surface areas and pore volumes, and
these are also common shell materials.®>”° Atomic layer deposition
(ALD) has emerged as a good method to coat nanoparticles with
AL, Oj shells with fine control of the shell thickness.®* Beyond simple
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metal oxides, materials such as crystalline aluminosilicates
(zeolites),””* which have crystalline porous structures, have also
been investigated as shells, offering molecular size-selectivity
(shape selectivity), high specific surface areas, and acidic centres.

Metal@metal particles constitute another important class of
inorganic core-shell materials, for which the deposition of one
metal on the surface of another metal nanoparticle can create
new properties and even induce fundamental electronic effects
characterising the metals. Au, Pt, Pd, Ni, Cu, Co, Ag, and others
have been used as shells on other metal nanoparticles.’
Metal@metal nano-structures can be used to tune the electronic
properties of the overlayer metal and have been used extensively
in electrocatalysis.

2.1.2. Organic materials. The organic materials used in
core-shell structures are predominantly polymers consisting of
three-dimensional networks or other carbon-containing materials
such as fullerenes, carbon nanotubes, etc. Organic@organic core—
shell structures find applications in drug delivery, bio-sensing, and
chemical separations.*® Coating of one polymer with another
provides a route to modifying physical properties of the material
(e.g, glass transition temperature). Polymer@polymer core-shell
materials have been investigated extensively for the controlled
in vivo release of drugs that are loaded in the core, with the shell
affecting the rate of release of the drugs. Organic dyes can also
be stabilized by polymer shells and have been investigated for
bio-sensing and imaging purposes.

2.1.3. Inorganic-organic materials. Organic-inorganic core-
shell materials are exemplified by organic polymer shells on
inorganic metal or metal oxide nanoparticles. For example,
colloidal metal or metal oxide nanoparticles may be coated with
polymers to stabilize them by electrostatic or steric repulsion in
suspension media. Metal cores can be stabilized against oxidation
by polymer coatings that limit the transport of oxygen. Polymer
shells may contain functional groups that are helpful for con-
jugation with organic molecules such as drugs and improve the
drug-binding and delivery capacity of such organic/inorganic
composites.”> Metal oxides or silica coated with polymers are
used in optical devices, sensors, pigments, and catalysts. Treatment
of such organic shells may form graphitic carbon, carbon nitride,
graphene layers, and other materials, which help stabilize core
nanoparticles, minimize metal leaching, and enhance photo- or
electrocatalytic properties of the core by virtue of the conductive
nature of the shell that enhances separation and transport of
charges.” Carbon nanotubes or graphene layers have been used
as the cores in carbon@metal oxide (e.g:, TiO,) composites with
photocatalytic properties.®’ Organic cores with inorganic shells are
also used as sacrificial templates to synthesize hollow inorganic
structures (more about these below).”>”®

Hybrid functional materials such as metal organic frame-
works (MOFs) have been explored in core-shell structures, serving as
either the core or shell. MOFs as shells can act as selective
membranes affecting transport because of their ordered porous
structures and the functionalities present on the organic linkers or
anchored to the nodes. MOF crystals can be used to form highly
dispersed metal nanoparticles encapsulated inside carbon or carbon
nitride structures by carbonisation of the organic linkers.””
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Among the various classes of core-shell structures, inorganic@
inorganic and inorganic@carbon/MOF are the more commonly
used types for heterogeneous catalysis, and their applications in
CO, conversion are discussed in detail in the following sections.

2.2. Morphology effects

Even nanoparticles confined in the frameworks of a crystalline
porous material such as a MOF or a mesoporous support are
now regarded as core-shell structures—this newly expanded
classification is appropriate because the materials serve purposes
similar to those of the originally defined sphere-in-shell structures
and are understood on the basis of similar principles - only the
dimensions are different. Thus, in this review, we use the term
“core-shell nanomaterials” synonymously with “encapsulated
structures.” On the basis of structure and morphology, we
classify these materials broadly into core-shell, yolk-shell/
hollow structures and sandwiched core-shell structures, as
shown in Fig. 1.

We emphasize that notwithstanding their often unique and
intricate structures, core-shell catalysts can be seen as more complex
examples of common catalyst structures, namely supported metals,
metal oxides and alloys. Single or multi-core shell metal@metal
oxide, metal@carbon, metal oxide@metal oxide catalysts can be
seen as special cases of supported metals and metal oxides on
various supports, in which the interface with the support almost
completely surrounds the supported particles. Yolk@shell or
yolk@hollow structures may be considered to be extensions of
nanoparticles embedded in the channels of mesoporous sup-
ports. Metal@metal core-shells are again a form of bimetallic
nanoparticles, with a greater degree of spatial segregation of the
separate metals than in alloys.

2.2.1. Single- and multi-core-shells. Single core-shell structures
with a single core nanoparticle encapsulated in an organic or
inorganic shell are the most conventional form of core-shell catalyst.
The shell may be porous or not, but in catalysis it is almost always
porous to allow transport of reactants to the core or products from
the core. Metal and metal oxide nanoparticles encapsulated in metal,
silica, metal oxide, or carbon shells have been investigated
extensively as catalysts, some offering the advantages of (1) high
dispersion and high stability of the active cores resulting from
segregation and confinement and (2) strong interactions
between the core and shell through intimate contact (even
chemical bonding) at the interface. Multiple cores may be
encapsulated in a single shell, so that there is a high specific
surface area of the active core and a high core-shell interfacial
area per unit volume. Such multi-core-shell catalysts may also
be relatively easy to synthesize by methods similar to those used
for conventional catalyst manufacture and require less precision
than more highly structured core-shell materials. For example,
a one-pot reverse micelle method was shown to be effective in the
synthesis of multi-Ni@SiO, catalysts*® in contrast to single Ni@SiO,
core-shell catalysts, which usually involve the synthesis of Ni
nanoparticles first, followed by a separate step to incorporate
the shell.

2.2.2. Yolk@shell and multi-core@hollow structures. A
yolk@shell structure contains a hollow cavity between the core

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic of types of core—shell structures based on morphology.

and shell. The cavity exposes the exterior surface of the core,
possibly making yolk@shell catalysts more active than equivalent
core-shell catalysts because of an abundance of exposed, accessible
active sites. Such hollow structures, in principle, allow the rapid
transport of reactants and products while maintaining the
protection of the shell. The shell provides protection of the
core by hindering sintering and, if it limits access of poisons,
poisoning. The thickness of the shell may be small to minimize
transport limitations. A yolk@shell catalyst may be thought of
as a nano-reactor with the reactants being converted on the
active core surface in the confined space of the cavity. However,
because 