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Preface

This book introduces recent progress in preparation and application of core–shell and
yolk–shell structures for attractive design of catalystmaterials. Core–shell nanostruc-
tures with active core particles covered directly with an inert shell can perform as
highly active and selective catalysts with long lifetimes. Yolk-shell nanostructures
consisting of catalytically active core particles encapsulated by hollow materials are
an emerging class of nanomaterials. The enclosed void space is expected to be useful
for encapsulation and compartmentation of guest molecules, and the outer shell acts
as a physical barrier to protect the guest molecules from the surrounding environ-
ment. Furthermore, the tunability and functionality in the core and the shell regions
can offer new catalytic properties, rendering them attractive platform materials for
the design of heterogeneous catalysts. This book describes the recent development of
such unique nanostructures to design effective catalysts which can lead to new chem-
ical processes. It provides an excellent guide for design and application of core–shell
and yolk–shell structured catalysts for a wide range of readers working on design of
attractive catalysts, photocatalysts, and electrocatalysts for energy, environmental,
and green chemical processes.

Osaka, Japan
Shanghai, China

Hiromi Yamashita
Hexing Li
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Chapter 1
Introduction

Yasutaka Kuwahara and Hiromi Yamashita

1.1 Introduction

Catalysis is an old but still growing field of science, which now accounts for over
90% of chemical processes and the production of 60% of all chemicals worldwide.
In order to meet the urgent demand for high-performance catalysts with excellent
activity, selectivity and stability, catalysis, especially heterogeneous catalysis, has
undergone innovative advances accompanied with great progress in nanoscience and
nanotechnology over the past decades. Thanks to rapid advances in synthesis chem-
istry, nanomaterials with well-defined sizes, shapes, structures, crystal facets, and
compositions are currently available [1–3], which have provided many opportunities
and possibilities for developing advanced catalysts. In particular, nanoparticles (NPs)
have received considerable research attention due to their superior catalytic proper-
ties [4–7]. Different from conventional bulk catalysts, NP catalysts usually offer a
significantly increased catalytic activity due to the high surface-to-volume ratio as
well as a large fraction of active atoms with dangling bonds exposed to the surface. In
addition, other unique properties of NPs such as variation in electronic state density
and surface/lattice distortions could also affect the catalytic performance. Such prop-
erty of NP catalysts offers solutions to the traditional demands for catalysts to be
more efficient and more selective for particular catalytic reactions that will trans-
form raw materials into targeted valuable chemicals, such as pharmaceuticals and
fuels. Furthermore, these nanomaterials could also offer the advantages in terms of
atom efficiency (i.e., reaction rates per an atom of active metal) and the amount of
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2 Y. Kuwahara and H. Yamashita

metal used as well as waste reduction, hence contributing to the development of
green, sustainable and economically viable chemical processes, which are currently
regarded as the most desirable yet challenging areas in chemistry.

Among the variety of NP catalysts, core–shell NPs and yolk–shell NPs have
recently emerged as a new type of important composite nanomaterial, because of their
unique structural features and physicochemical properties The number of research
papers published annually in the field of core–shell and yolk–shell catalysts has
increased significantly (Fig. 1.1). (1) “core–shell structure” is broadly defined as a
composite nanomaterial constructed with a single core material uniformly/partially
surrounded by a secondary shell (layer) material and (2) “yolk–shell structure”
(also known as rattle-type structure) generally represents a composite nanomaterial
composed of a single movable core material inside a hollow shell material, which
possesses a void space between the core and the shell regions. More detailed classifi-
cations havebeenmade in some reviewpapers according to their nano-configurations,
such as “sandwiched structure” standing for multiple metal NPs embedded between
the core and the shell boundaries, and “interior-decorated structures” standing for
multiplemetalNPs decorated on an interior surface of a hollow shellmaterial. “Multi-
core@shell structure” composed of multiple metal NP cores embedded within a
secondary shell matrix and “core@multi-shell structure” composed of a single core
material coated by multiple shell layers are also regarded as one class of “core–
shell structures”. Similarly, “multi-core@hollow structure” composed of multiple
movable metal NP cores inside a hollow shell material and “core@multi-shell struc-
ture” composed of a single movable metal NP core encapsulated by multiple hollow

Fig. 1.1 The number of publications in the last 20 years found on Scopus for the entry “Core–shell
catalyst” and “Yolk–shell catalyst” (data collected from Scopus database in August, 2020)
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shell materials are usually categorized into “yolk–shell structure” as well (Fig. 1.2)
[8–12].

Until now, a numerous number ofwork has been performed to design and construct
different nanocomposites with core–shell and yolk–shell structures. Quest for new
catalytic applications, performance improvement, and discovery of new functional-
ities (i.e., developing multifunctional catalysts) in catalysis field has still motivated
a continuous development in NP research. This book is intended for the readers to
overview current trends in catalysis field involving core–shell and yolk–shell struc-
tured NPs by introducing recent research results from renowned researchers all over
the world.

Fig. 1.2 Schematic of types of core–shell structures based on morphology. Reprinted with
permission from Chem. Soc. Rev. (2020) 49, 2937, Ref. [9]. Copyright 2020 Royal Society of
Chemistry
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1.2 Core–Shell Structures for Catalysis

Integration of different materials such as noble metals (e.g., Pt, Pd, Au, and Ag, etc.)
and metal oxides (e.g., SiO2, TiO2, CeO2, and ZrO2, etc.) into a single nanostruc-
ture has recently become one of the hottest research topics in catalysis, photo- and
electrocatalysis. One possible method to accomplish this objective is to construct
“core–shell structure” through the coating of core NPs with one or more shells
(layers) of other materials, as illustrated in Fig. 1.3.

A range of core–shell NPs with tailorable catalytic properties and functionali-
ties can be produced by rationally tuning the cores and the shells of such mate-
rials [8–11, 13]. For example, thermal stability or dispersibility can be improved by
growing protective shells around the cores. Covering the core NP with shell mate-
rials possessing specific nanoarchitectures, such as micro/meso-porosity and high
surface area, etc., endows the core material with a superior catalytic activity or a
size-selective reactivity (i.e., molecular-sieving effect) together with an improved
thermal stability [14, 15]. In addition, novel optical, magnetic, and electronic func-
tionalities can be imparted to the core NP through the formation of a core–shell
structure (e.g., magnetically separable NP catalysts can be produced by introducing
ferromagnetic Fe3O4 particle as a core).

Core–shell structures not only show combined functions of individual materials,
but also bring unique collective and synergetic catalytic properties compared with
single-component materials, depending on the interactions between the cores and the
shells. For example, it has been discovered that synergistic interactions between the
core and the shell can change the properties of the original core particles. There are
three major effects ever known (in most cases, it is a combined one) that play impor-
tant roles in deciding the catalytic, photocatalytic, and electrocatalytic activity of such
core–shell NP catalysts (Fig. 1.3): (a) “ligand effect”, originating from the interac-
tion at the interface between the core and the shell, which affects the charge transfer

Fig. 1.3 A schematic illustration of “core–shell structure” particle and its functionalities
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between the components and alters the electronic state. This “ligand effect” is signifi-
cantly strengthened in core–shell structures, because the interfacial area between the
inner cores and the outer shell is geometrically maximized; (b) “ensemble effect”,
affecting adsorption behavior of reactant molecules or alters reaction mechanism on
the surface. This effect is brought about by the presence of secondary atoms which
change the atomic arrangement and aggregation state of primary active metal atoms;
(c) “geometric effect”, originating from the three-dimensional structural constraints
(e.g., lattice strain and surface strain) due to the heterojunction between the core and
the shell materials, which alters electronic state and reactivity of the surface atoms.
These effects can be manipulated by controlling the chemical compositions and rela-
tive sizes of the core and the shell, which give us opportunities and possibilities to
precisely tune the catalytic properties of core–shell NPs [9].

Asmentioned above, the properties of the core–shell NP catalysts can bemodified
by changing the constituting materials, the core/shell ratio, as well as the interface
between the core and the shell. A precise control of the size of the core particle, the
shell thickness, and the porosity in the core or the shell regions is important tomateri-
alize high-performance catalysts [13, 14, 16]. To this end, various synthetic methods
for preparing different classes of core–shell NPs have been developed so far. Metal
NP@metal oxide core–shell nanostructures are one of the simplest motifs in two-
component systems [17–19]. The synthetic strategies for metal NP@metal oxide
core–shell nanostructures are generally classified into three groups: (1) two-step
methods based on seeded growth mechanism, involving the pre-preparation of metal
NPs as the seeds, followed by formation of metal oxide shells; (2) one-pot methods,
involving simultaneous formation of both metal cores and metal oxide shells; and (3)
partial oxidation of the outside layer of metal NPs or selective oxidation of the shell
of binary metal NPs [10, 17–20]. Many types of metal NP@metal oxide core–shell
nanostructures have been successfully achieved by various strategies, most of which
are solution-based synthetic processes. Besides, core–shell structured composite
nanomaterials constructed in different combinations, such as metal NP@metal core–
shell nanostructures, metal NP@MOF (MOF: metal-organic-framework) core–shell
nanostructures, and metal NP@carbon core–shell nanostructures, have also been
developed by unique synthetic methodologies.

Multifunctional core–shell NP catalysts are designed usually depending on the
final application. For designing a catalyst for chemoselective transformation reac-
tions that will transform raw materials into targeted valuable chemicals, such as
pharmaceuticals, metal@metal oxide or metal@metal core–shell NPs exhibit excel-
lent product selectivity due to the synergism at the interface between the core
and the shell components (Chaps. 2, 3, 4, 5 and 9). Metal NPs encapsulated by
porous MOF shells have recently emerged as new motifs which provide multiple
synergistic effects in heterogeneous catalysis (e.g., molecular-sieving effect, one-pot
multifunctional catalysis, and enhanced catalytic stability) (Chap. 6). For realizing
the selective synthesis of valuable chemicals by syngas conversion or CO2 hydro-
genation, zeolites-based core–shell structured catalysts are effective because of the
spatial confinement effect, the target product selectivity, and anti-sintering property
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(Chaps. 7, 8, 11 and 12). Core–shell structures of photocatalysts composed of semi-
conductor photocatalysts or plasmonic NPs act as promising photocatalysts for CO2

reduction, H2 generation and photocatalytic degradation of toxic compounds, due to
efficient light absorption, adsorption and activation of reactant molecules, efficient
photogenerated charge transfer, formation of Z-scheme electron transfer pathway
(Chaps. 13 and 14). Optical property and photocatalytic property of plasmonic metal
NPs are precisely tunable by the core–shell nanostructure formation, which leads
to the fabrication of high-performance plasmonic photocatalysts (Chaps. 15, 16 and
17). Core–shell bimetallic NPs also exhibit excellent performance as electrocata-
lysts for hydrogen evolution reaction, oxygen evolution reaction, nitrogen reduction
reaction, CO2 reduction reaction, and methanol oxidation reaction, etc., due to the
synergistic effect between core and shell materials (Chaps. 18, 19, 20 and 21).

1.3 Yolk–Shell Structures for Catalysis

Yolk–shell structure (also known as rattle-type structure) is a new class of special
core–shell structures with a characteristic core@void@shell configuration (Fig. 1.4),
which has recently gained considerable attention in chemistry field due to their
complex hierarchical nanostructures and intriguing physical properties, such as low

Fig. 1.4 A schematic illustration of “yolk–shell structure” particle and its functionalities
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density, high surface area, and interstitial hollow spaces.Research over the last decade
has proved that the distinct properties, which mainly come from the presence of an
interior void space, are advantageous for a range of applications, including catalysis,
drug/gene-delivery, bioimaging, and energy- and gas-storage [21–28].

Recently, catalytically active yolk–shell structured composite nanomaterials have
been designed and synthesized by encapsulating catalytically active components,
such as metal NPs, metal oxide NPs, and metal complexes, as the core, which have
been proven to show outstanding catalytic performances for various catalytic reac-
tions due to the following interesting physical and chemical properties (Fig. 1.4)
[8, 19, 21, 22, 29, 30]: (1) encapsulation of free, movable cores within confined
nanospace, which offers a homogeneous environment in heterogeneous catalysis;
(2) encapsulation and compartmentation of large guest molecules, such as metal
oxide particles, magnetic particles, quantum dot particles, fluorophores, and func-
tional polymers, within the interior void space, which can add further functional-
ities; (3) protection of the encapsulated core particles from surrounding environ-
ments, leaching, sintering and aggregation by the outer shell, which can stabilize the
core materials and elongate their lifetime; (4) molecular-sieving effect for reactant
molecules, originating from permeable porous shells, which endows size-selective
reactivity in catalysis; (5) adsorption and condensation property toward reactant
molecules inside the cavity space, which enable reactant molecules to efficiently
react on catalytically active core particles, thus accelerate catalytic reactions; (6)
tunability and functionality in the core and the shell regions. For example, manip-
ulation of the nanostructure/morphology of the core and the shell can tune the
diffusion rates of the reactants, thus affects the reactivity. Furthermore, incorpo-
ration of secondary active components either in the hollow or in the shell regions
is possible for achieving cooperative effects of the two catalysts or for constructing
cascade reaction (namely, one-pot or domino reaction) systems. On the basis of these
intriguing properties, yolk–shell nanostructuredmaterials encapsulating catalytically
active components as cores have recently been regarded as a promising platform for
designing multi-functionalized heterogeneous catalysts and for realizing industrially
applicable nanocatalyst systems [8, 19, 21, 22, 29, 30].

To date, a number of yolk–shell structured materials with configurations, compo-
sitions, sizes, and shapes have extensively been developed. Yolk–shell structured
materials have been designed and engineered with a variety of chemical composi-
tions, including metal@polymer, metal@metal oxide, metal@carbon, metal@MOF,
metal oxide@metal oxide, and metal oxide@carbon, etc. In addition, yolk–shell
nanostructures composed of multiple cores or multiple shells have also been fabri-
cated and studied. Thus, yolk–shell structures developed so far are diverse in config-
urations, compositions, sizes, and shapes, hence they can be produced by a variety
of techniques. Commonly, the synthesis methods of yolk–shell structured composite
nanomaterials can be simply classified into three categories: (1) hard-/soft-templating
methods; (2) template-free synthesis (e.g., Kirkendall effect, Galvanic replacement,
Ostwald ripening, etc.); and (3) ship-in-bottle approach [10, 19–21, 30–38]. In the
former case, such as hard-/soft-templatingmethods, the procedures normally involve
the pre-preparation of core particles, coating the core particles with multiple shells
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(inner sacrificial shells and outer stable shells), and selective removal of the inner
shells by post-treatments, therefore the synthesis procedures become tedious and
time-consuming. In the case of template-free synthesis, it is not necessary to coat the
core particles, therefore the procedures are much simpler.

A variety of yolk–shell structured catalystswith tuned physicochemical properties
and multi-functionalities have been designed, synthesized, and studied in chemical
reactions that requires excellent activity, high selectivity to desirable products, and
long-term stability under severe reaction environments. For example, catalytic NPs
(e.g., Pd NPs, Pt NPs) are usually entrapped in a surfactant/ligand-free state inside
the void space, hence they commonly show a higher catalytic activity compared with
surface-capped counterparts (Chaps. 22, 23 and 25). Hollow particles possessing
permeable porous shells can act as a “nanoreactor” that can selectively catalyze the
transformation of a specific molecule due to the molecular-sieving effect (Chap. 25).
The large void space in the hollow particles has recently been used for loading
functional molecules, such as biological molecules and functional polymers, which
allow creation of unprecedented catalytic environments within the limited nanospace
(Chaps. 24, 25 and 26). The encapsulation of active metal NPs inside the hollow
MOF cavity can help to enhance the catalyst performance in terms of size- and
chemo-selectivity and catalyst stability for recycling (Chap. 29). Furthermore, yolk–
shell structures encapsulating semiconductor NPs and plasmonic NPs can be used in
the field of photocatalysis, including photocatalytic pollutant degradation, hydrogen
evolution reaction and carbon dioxide reduction due to efficient light absorption,
adsorption and activation of reactant molecules, and separation of photogenerated
charge carriers (Chaps. 27, 28, 30 and 31).

1.4 Outline of This Book

Based on their significance in catalysis, this book is dedicated to a comprehensive
review on recent progress in the construction of core–shell/yolk–shell nanostructures
and their applications in catalysts, photocatalysis, and electrocatalysis. This book is
composed of four parts, “Core–Shell for Catalysis”, “Core–Shell for Photocatalysis
andElectrocatalysis”, “Yolk–Shell forCatalysis”, and “Yolk–Shell for Photocatalysis
and Electrocatalysis”.

In Part I (Core–Shell for Catalysis), a variety of core–shell structured catalysts for
liquid-phase and gas-phase catalytic applications, including oxidative esterification,
selective hydrogenation, CO2 hydrogenation, conversions of syngas and methane,
upgrading of C1-3 feedstock chemicals and hydrocarbons, and NOx removal, etc.,
that are recently developed are reviewed. In Part II (Core–Shell for Photocatalysis and
Electrocatalysis), recent studies of core–shell structured catalysts for photocatalytic
and electrocatalytic applications, including CO2 reduction, H2 production, degrada-
tion of toxic organic pollutant in water, HER, OER, as well as nitrogen reduction
reaction, CO2 reduction reaction, and methanol oxidation reaction, etc., are compre-
hensively summarized. In Part III (Yolk-shell for Catalysis), efficient catalytic reac-
tions such as selective hydrogenation reactions and CO2 transformation reactions



1 Introduction 9

using a variety of yolk–shell structured catalysts encapsulating active metal NPs are
summarized. In Part IV (Yolk-Shell for Photocatalysis and Electrocatalysis), a range
of potential photocatalytic and electrocatalytic applications of yolk–shell structures
containing semiconductor or plasmonicNPs, including photocatalytic degradation of
pollutants, HER, OER, photocatalytic CO2 reduction, etc., are overviewed. The key
synthesis approaches and general procedures for constructing each of these nanos-
tructures with desirable configurations, compositions, sizes, and shapes are briefly
mentioned in each chapter. Furthermore, the relationships between the core/yolk–
shell nanostructures and catalytic performances, as well as the roles of core/yolk–
shell nanostructures in deciding the catalytic, photocatalytic and electrocatalytic
activity, are discussed.

We hope that this bookwill be useful to readers in various fields who take practical
and scientific interests in the design, synthesis and application of core/yolk–shell
nanostructure materials.
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Chapter 2
Aerobic Oxidative Esterification
of Aldehydes with Alcohols
by Gold–Nickel Oxide Nanoparticle
Catalysts with a Core–Shell Structure

Ken Suzuki

2.1 Introduction

Esterification, one of the most fundamental transformations in organic synthesis,
is widely used in laboratories and industries [1]. Esterification of aldehydes with
alcohols is an attractive method for the synthesis of esters because aldehydes are
readily available raw materials on a commercial scale. Although several facile and
selective esterification reactions havebeen reported [2], the development of a catalytic
method for the direct oxidative esterification of aldehydes with alcohols under mild
and neutral conditions in the presence of molecular oxygen as the terminal oxidant
is highly desirable for both economic and environmental aspects.

SinceHaruta et al. discovered thatAu nanoparticles can catalyze aerobic oxidation
reactions [3],Au-catalyzedoxidation reactions have beenwidely investigated. Efforts
are being directed at achieving highly selective oxidation usingmolecular oxygen [4].
Several Au-nanoparticle-based catalysts for the aerobic esterification of aldehydes
[5] or alcohols [6] have been reported. In this chapter, we report a highly selective and
efficient catalytic method for the oxidative esterification of aldehydes with alcohols
that employs supported gold–nickel oxide (Au–NiOx) nanoparticles as the catalyst
and molecular oxygen as the terminal oxidant (Scheme 2.1) [7].

As an example, the aerobic catalytic esterification of methacrolein 1a with
methanol to form methyl methacrylate (MMA; 2a) was investigated under neutral
conditions. The monomer MMA is mainly used to produce acrylic plastics such as
poly(methylmethacrylate) (PMMA)andother polymer dispersions used in paints and
coatings. MMA can be manufactured in numerous ways from C2–C4 hydrocarbon
feedstocks [8]. Currently, MMA is mainly produced via the acetone cyanohydrin
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Scheme 2.1 Aerobic oxidative esterification of aldehydes with alcohols by Au-NiOx catalyst

process, but there are problems in handling the resulting ammonium bisulfate waste
and toxic hydrogen cyanide. Some manufacturers use isobutene or tert-butanol as
the starting material, which is sequentially oxidized first to methacrolein and then to
methacrylic acid, which in turn is esterified withmethanol. Recently, an environmen-
tally benign procedure based on the use ofmolecular oxygen and a Pd–Pb catalyst has
been developed for the direct oxidative esterification of methacrolein with methanol
to yield MMA[9]. This work was an important milestone in the aerobic oxidative
esterification of aldehydes, as it put forth a clean and efficient method of forming
carboxylic esters. However, the existing synthetic methods still suffer from several
disadvantages; methods for successful catalytic oxidative esterification are limited
as selective oxidation of methacrolein is extremely difficult because of the instability
of α,β-unsaturated aldehydes. Therefore, the development of an efficient and highly
selective catalytic system based on the above reaction remains a challenge.

2.2 Au–NiOx-Catalyzed Oxidative Esterification
of Aldehydes in Alcohols with Molecular Oxygen

Table 2.1 summarizes the activity of various catalysts used in the aerobic esterification
of 1a with methanol. The activity of previously reported Pd catalysts was investi-
gated first [9]. When 2.5 wt% Pd/SiO2–Al2O3 was used, 2a could not be obtained
in satisfactory yields (entry 1) because the decarboxylation of 1a resulted in the
formation of large amounts of propylene and CO2 as by-products. When oxidative
esterification was carried out by the addition of Pb(OAc)2 to the reaction mixture,
decarboxylation was inhibited, and the selectivity to 2a improved to 84% (entry 2).
The active species in the above reaction was found to be the intermetallic compound
Pd3Pb1 [9]. During oxidative esterification in the presence of methanol, the excess
methanol is oxidized to form methyl formate (MF) as a by-product (0.2 mol of MF
per mole of MMA). The turnover number (TON) of the catalyst, defined as the total
number of moles of the product 2a formed per mole of the Pd-catalyst, was deter-
mined to be 61.Attempts to carry out esterification of 1a to 2a in the presence of other
Pd-based catalysts were unsuccessful. We then turned our attention to nickel oxide.
Nickel peroxide is known to be highly oxidizing and can stoichiometrically oxidize
various alcohols [10]. The catalytic aerobic oxidation of alcohols was possible after
the recent development of catalysts such as Ni–Al hydrotalcite and nanosized NiO2

powder [11]. In the field of electronic materials, research is being conducted on
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NiO–M (M: Ni, Pd, Pt, Au, Ag, Cu) composite film to quicken the light-absorption
response of Ni oxide film used as an electrochromic material. The metal doped into
Ni oxide is supposed to act as a positive hole and improves the speed of oxidative
coloring by converting Ni oxide into a higher oxidation state [12]. Nickel peroxide
was also found to participate in oxidative esterification of aldehydes with alcohols
[13]. We examined the relationship between the chemical form and reactivity and
developed a new catalytic system of composite nanoparticles composed of NiO and
Au active species.

Au and NiO were supported on SiO2–Al2O3–MgO (average particle size of
60 μm) by co-precipitation. The amounts of Au and Ni in the supported nanopar-
ticle were determined to be 0.9 and 1.1 wt%, respectively, by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). Thus, the reaction of 1a in the
presence of Au–NiOx/SiO2–Al2O3–MgO in methanol at 60 °C under an oxygen–
nitrogen mixture (7:93 (v/v), 3 MPa, outside flammability limits) for 2 h gave 2a
with 98% selectivity and 58% conversion (entry 3). Based on the moles of MMA
formed per mole of the Au catalyst, the TON of the supported nanoparticle catalyst
was determined to be 621, and its activity was approximately 10 times that of the
Pd–Pb catalyst. Moreover, reduced by-product (MF) formation was observed in this
case (0.007 mol of MF formed per mole of MMA). Oxidative esterification was
found to proceed with high efficiency even when SiO2–Al2O3 was used as carriers
(entry 4). The catalyst supported with only Au nanoparticles showed lower activity
and selectivity than the supported Au–NiOx catalyst (entries 5 and 6). The activity
and selectivity of the Au–Ni catalyst, prepared by reduction of the Au–NiOx catalyst
under H2 atmosphere at 400 °C for 3 h, was greatly decreased (entry 7). When 1
wt% Au–1 wt% MOx/SiO2–Al2O3–MgO (M: Cr, Mn, Fe, Co, Cu, Zn, Ga, Ge, Nb,
In, Sn, Nb, Ta, and Pb) was used in oxidative esterification, similar effects to that of
the Au–NiOx catalyst could not be obtained. The oxidative esterification activity of
the Au–NiOx catalyst showed a strong dependence on the Au and NiO composition
in the supported nanoparticle. The maximum activity was observed for 20 mol% of
Au (Fig. 2.1).

Next, oxidative esterification of various aldehydes and alcohols was carried out
by using the Au–NiOx catalyst (Table 2.2). When oxidative esterification of 1a was
carried out in the presence of Au–NiOx/SiO2–Al2O3–MgO in methanol at 80 °C,
under an oxygen–nitrogen mixture (7:93 (v/v), 3 MPa) for 1 h, 2a was obtained with
98% selectivity and 62% conversion (entry 1). The conversion of benzaldehyde 1b
to methyl benzoate 2c was highly efficient (entry 3). When oxidative esterification
of 1a and 1b was carried out using ethanol in place of methanol, the corresponding
esters (2b and 2d) were obtained with high selectivity but with lower conversion
efficiencies than those in the case of using methanol (entries 2 and 4).
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Fig. 2.1 Yield of methyl
methacrylate 2a for
oxidative esterification of
methacrolein 1a in methanol
over catalysts with various
Au/Ni compositions

Table 2.2 Au–NiOx-catalyzed aerobic oxidative esterification of aldehydes with alcoholsa

Entry Aldehyde Alcohol Product Conversion (%)b/selectivity
(%)b

1 Methanol 62/98

2 Ethanol 11/97

3 Methanol 61/97

4 Ethanol 10/97

aReaction conditions: aldehyde (15mmol),Au–NiOx/SiO2–Al2O3–MgO (Au: 0.1mol%) in alcohol
(10 mL), O2 (O2/N2 = 7:93 v/v, 3 MPa) at 80 °C for 1 h. bDetermined by GC analysis using an
internal standard
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2.3 Characterization of Catalyst and Reaction Mechanism

Spherical particles of the Au–NiOx catalyst that are uniformly distributed on the
carrier can be seen in the transmission electron microscopy (TEM) images (Fig. 2.2).
The particles have a diameter of 2–3 nm (number-average particle diameter: 3.0 nm).
High-magnification images revealed a lattice of Au (111) particles with a d-spacing
of 2.36 Å. Elemental analysis of individual particles by energy-dispersive X-ray
(EDX) spectroscopy showed the presence of Ni and Au in the particles. The average
Ni/Au atomic ratio of the nanoparticles was 0.82 (100 units used for calculation).
As shown in Fig. 2.3, EDX analysis was performed on the scanning transmission
electron microscopy (STEM) image of the nanoparticles. The results showed that
the Ni/Au atomic ratio was 0.73 at the center of the particle (measurement point 1)
but 2.95 at the edge of the particle (measurement point 2). Trace amounts of Ni were
detected in areas that did not contain the particle (measurement point 3). Based on
the composition profile observed in the direction of the scan, Ni appears to be more
widely distributed than Au. Thus, Ni was distributed on the Au particles as well
as around the edges of the particles. Hence, the nanoparticles were assumed that
the surface of the Au particles is covered by Ni without alloy formation. However,
TEM/STEM images of the Ni shell around the Au particles could not be obtained.

A broad diffraction peak attributable to Au0 was observed in X-ray diffraction
(XRD) patterns. The absence of diffraction peaks due to Ni suggested that Ni existed
as a noncrystalline phase. The Au 4f and Ni 2p XPS spectra confirmed the oxidation
states of Au and Ni to be 0 and +2, respectively.

When the variation in the electronically excited state was examined using ultravi-
olet–visible (UV–vis) spectroscopy, no surface plasmon absorption peak, as observed
in the case of the Au catalyst, originated from the Au nanoparticles (~530 nm) in the

Fig. 2.2 Typical transmission electron microscopy images of Au–NiOx/SiO2–Al2O3–MgO cata-
lyst
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Fig. 2.3 Scanning transmission electron microscopy–energy-dispersive X-ray compositional
analyses (a; point analyses, b, c; line analyses) of Au–NiOx/SiO2–Al2O3–MgO catalyst

case of the Au–NiOx catalyst. The Au–NiOx catalyst was brown in color and showed
a broad absorption peak in the wavelength region 200–800 nm. The spectrum pattern
and color of the catalyst were similar to those of NiOx/SiO2–Al2O3–MgO, synthe-
sized by the oxidation of NiO/SiO2–Al2O3–MgO using NaOCl. Thus, it can be
deduced that the surface electronic state of the Au–NiOx catalyst differs from that
of the Au-only catalyst as Ni was present in a highly oxidized state.

The representative Fourier transform-infrared (FT-IR) spectra of CO adsorbed on
the catalysts were investigated. The Au catalyst showed an intense band attributed to
Au0–CO, at 2058 cm−1 [14]. In contrast, the Au–NiOx catalyst only showed a weak
signal attributed to Ni2+–CO, at 2111 cm−1 [15]. No peak corresponding to Au0–CO
could be observed.

Based on these results, the Au–NiOx nanoparticle was assumed to have a core–
shell structure with Au nanoparticle at the core with its surface covered by highly
oxidized NiOx (Fig. 2.4).

2.4 Industrial Catalyst and Catalytic Life Test

Stability and long life are the key requirements of an effective catalyst. We precisely
controlled the distribution of Au–NiOx nanoparticles in the catalyst to decrease any
loss of metals and to achieve high activity. Loss of metals from catalyst can occur
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Fig. 2.4 Typical transmission electron microscopy images of Au–NiOx nanoparticle catalysts and
proposed structure of nanoparticles

because of detachment or abrasion under reaction. Figure 2.5 shows the results of
linear analysis on a particle cross section of a sample obtained by embedding Au–
NiOx/SiO2–Al2O3–MgO in a resin followed by polishing using electron probemicro-
analysis (EPMA). The Au–NiOx layer was sharply distributed in a region within a

Fig. 2.5 Electron probemicroanalysis spectra and elementalmappingmeasured for a single particle
of Au–NiOx/SiO2–Al2O3–MgO
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10-μmdepth from the catalyst surface layer, and Au–NiOx was shifted by submicron
from the surface of the catalyst to inside.

Details on the chemical state of Ni were investigated by using two-crystal high-
resolution X-ray fluorescence (HRXRF) spectroscopy analysis. HRXRF has an
extremely high energy-resolution capacity, and the chemical state can be analyzed
from the energy state (chemical shift) or shape of the obtained spectrum. In partic-
ular, in the k spectrum of 3d transition metal elements, a chemical shift or change
in shape occurs because of a change in the valance or electronic state; a difference
in the chemical state can be considered even though the valence is the same. The
HRXRF results showed that Ni from the Au–NiOx catalyst can be considered to
be in a high-spin bivalent state. The difference from the Ni Kα spectrum clearly
shows that its chemical state is different from single NiO. NiO/SiO2–Al2O3–MgO
also showed a spectrum different from that for NiO powder. Thus, the Ni component
of the Au–NiOx catalyst may form a composite with Au. In addition, free NiO may
form a composite oxide or solid solution by reacting with metal component in the
carrier.

The catalytic life of Au–NiOx/SiO2–Al2O3–MgO was evaluated by using a
continuous-flow reaction apparatus (Fig. 2.6). When the conversion efficiency of
the reaction was maintained at approximately 60%, 2awas obtained with high selec-
tivity (96–97%). No decrease in the catalyst activity or selectivity was observed over
a period of 1000 h. Furthermore, Au leaching was negligible during prolonged reac-
tions. The concentration of metal in the reaction mixture was determined to be less
than 2.5 ppb by ICP-AES. TEM observation of the catalyst after the reaction showed

Fig. 2.6 Catalytic life test using a continuous-flow reaction apparatus (Reaction Conditions: The
catalystwas packed in a 1.2-L stirring-type stainless-steel continuous reactor providedwith a catalyst
separator. A 37 wt% solution of 1a in methanol was then continuously fed into the reactor at 0.6
L/h, and the reaction was carried out by blowing air in the reactor at 80 °C and 0.5 MPa until the
exiting O2 concentration became 4 vol%. Then, the mixture was stirred. The reaction product was
continuously extracted from the reactor outlet by overflow; the reactivity was investigated by GC
analysis, and the products were identified by GC–MS)
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no sintering of the Au–NiOx nanoparticles. The TEM/STEM-EDX, UV–vis, and
FT-IR results confirmed that the core–shell structure of Au–NiOx was preserved.

Evaluation of the catalyst life of Au/SiO2–Al2O3–MgO showed that the activity
decreased over time. After a reaction for 1000 h, the Au catalyst showed widening of
the pore diameter of the carrier and sintering of Au. In the case of Au–NiOx/SiO2–
Al2O3–MgO, NiOx was found to be present on the carrier unlike the Au–NiOx

nanoparticles, and HRXRF confirmed that NiOx formed a composite compound
or solid solution by reacting with the metal component of the carrier. The chemical
stability of the carrier was assumed to be increased because of its action in stabilizing
the Si–Al bridge structure. Stabilization of the carrier structure and anchor effect of
NiO controlled the growth of the Au–NiOx nanoparticles and thus made it possible
to greatly increase the catalyst life compared to that of the monometallic Au catalyst.

2.5 Practical Applicability

The practical applicability of this catalytic system was verified in a 100,000 ton/year
MMA production plant in 2008. Thus, isobutene was oxidized in the gaseous phase
using a Mo–Bi catalyst to synthesize methacrolein. Subsequent oxidative esteri-
fication of methacrolein in the presence of methanol using the Au–NiOx catalyst
producedMMA.The blockflowdiagramof oxidative esterification process forMMA
is shown in Fig. 2.7. This process confirmed the high selectivity, high activity, and
long life of the Au–NiOx catalyst. This catalyst would help in saving energy and
resources, in addition to being highly economical (Fig. 2.8).

Fig. 2.7 The block flowdiagramof oxidative esterification process forMMA. a Isobutene oxidation
for methacrolein synthesis. b Methacrolein absorption by methanol. c Oxidative esterification for
MMA synthesis. d Recovery column for unreacted methacrolein and methanol, and removal of low
boiling point products. e High boiling point products separation tower. f MMA purification tower



2 Aerobic Oxidative Esterification of Aldehydes with Alcohols … 23

Fig. 2.8 MMA production plant using Au–NiOx nanoparticle catalysts

2.6 Summary and Outlook

Oxidative esterification of aldehydes with alcohols proceeds with high efficiency
in the presence of molecular oxygen, on supported gold–nickel oxide (Au–NiOx)
nanoparticle catalysts. The method is environmentally benign because it requires
only molecular oxygen as the terminal oxidant and gives water as the side product.
The Au–NiOx nanoparticles have a core–shell structure, with the Au nanoparticles at
the core and the surface covered by highly oxidized NiOx. This strategy provides an
efficient and environmentally benignmethod for the synthesis of esters. The oxidation
will be particularly important for exploring further aerobic catalytic oxidations.
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Chapter 3
Core–Shell Nanostructured Catalysts
for Chemoselective Hydrogenations

Takato Mitsudome

3.1 Introduction

Selective hydrogenation is an important aspect of fine chemical synthesis. However,
the chemoselective hydrogenation of targeted functional groups in the presence of
other reducible groups, for example, alkene moieties, remains a significant chal-
lenge. Recent advances in nanoengineering have enabled the precise synthesis of
metal nanoparticle (NP) catalysts [1–5]. Sophisticated metal NP catalysts have been
produced with controlled particle size and shape, tuned metal electronic states, and
modulated metal–support interactions, and have been used to improve the selectivity
of various chemoselective hydrogenations. This section presents the recent progress
in core–shell metal NP catalysts for chemoselective hydrogenations. These focused
core–shellmetalNPs exhibit high catalytic performance in the chemoselective hydro-
genations of nitrostyrene, epoxides, unsaturated carbonyl compounds, and alkynes
while preserving alkene groups, thereby overcoming the limitations of conventional
metalNPcatalysts. Furthermore, a green syntheticmethod for core–shellNPcatalysts
and their catalytic performances have also been described.
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3.2 Design of Core-Metal-NP/Shell-Metal-Oxide Catalyst
to Maximize Metal–Support Interaction

Rational control of metal-support interaction in the design of heterogeneous cata-
lysts (e.g., metal oxide-supported metal NP catalysts) is one of the most impor-
tant factors affecting catalyst performance. A core–shell morphology comprising an
active metal NP core and metal oxide shell maximizes the metal NP-support inter-
face area. Our research demonstrated that maximizing metal-support interaction via
encapsulation of metal NPs with metal can lead to high chemoselective hydrogena-
tion activity and selectivity. The resulting silver (Ag) and gold (Au) NPs wrapped
by cerium oxide (CeO2) outperformed conventional metal oxide-supported metal
NP catalysts in various chemoselective hydrogenations of nitrostyrene, unsaturated
carbonyl compounds, epoxides, and alkynes while retaining the C=C bonds, which
overcomes the limitations of conventional metal NP catalysts.

3.3 Core-Ag NP/Shell-CeO2 Catalyst (Ag@CeO2)
for Chemoselective Hydrogenation of Nitrostyrenes
and Epoxides

Aniline derivatives are valuable synthetic intermediates in the production of agro-
chemicals, pharmaceuticals, and dyes [6]. The reduction of an aromatic nitro
compound is the most straightforward method to synthesize the corresponding
aniline [7]. However, targeted reduction of the nitro functionality of a mother nitro
compound containing other reducible functionalities (e.g., C=C bonds) is difficult
[8]. The chemoselective reduction of nitro compounds to the corresponding anilines
in the presence of C=C bonds was conducted via stoichiometric reactions with
excess amounts of Fe, Sn, Zn, and NaS2O4 [9], which produced large amounts
of harmful waste with low atom-efficiencies. More practical and environmentally
friendly approaches have been proposed using efficient catalysts for the chemos-
elective reduction of nitroaromatics with C=C double bonds [10]. To date, TiO2-
supported gold NPs (Au/TiO2) may be the best-supported metal NP catalyst for the
chemoselective reduction of nitro functionalities, where 3-nitrostyrene was reduced
to the desired 3-vinylaniline with 98.5% conversion and 95.9% selectivity [11].
However, conventional metal NP catalysts, including Au/TiO2, are associated with
successive hydrogenation of C=C double bonds in vinylaniline to ethylaniline at a
high conversion level, thereby gradually decreasing the selectivity for vinylaniline
over an extended reaction time. Therefore, a new strategy for the design of a catalyst
for the chemoselective hydrogenation of nitrostyrene with complete suppression of
C=C double bond hydrogenation is required.

Ag NPs on a basic hydrotalcite support (Ag/HT) have been previously applied
to catalyze the chemoselective reduction of nitrostyrenes [12] and epoxides [13, 14]
to the corresponding anilines and alkenes using alcohols or CO/H2O as a reducing
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Fig. 3.1 Schematic of
Ag/HT-catalyzed
chemoselective reductions
with alcohols or CO/H2O.
Reprinted with permission
from Ref. [15]. Copyright
2012 Wiley–VCH

reagent, where complete retention of the reducible C=C bonds was achieved. During
the reduction reaction, polar hydrogen species, namely the hydride and protons, were
formed in situ at the Ag NPs − HT interface via cooperative catalysis between the
Ag NPs and the basic sites (BS) of HT. The polar hydrogen species were exclusively
active for the reduction of the polar functional groups, and inactive for the non-
polar C=C bonds (Fig. 3.1), thereby enabling high chemoselectivity. However, the
use of H2 instead of alcohols or CO/H2O in the Ag-catalyst system cause reduction
in the polar groups (nitro and epoxide) and the non-polar C=C bonds. This non-
selectivity was attributed to the formation of non-polar hydrogen species via the
homolytic cleavage of H2 at the surface of the Ag NPs, which were active for C=C
bond reduction (Fig. 3.2a). Therefore, more efficient Ag catalysts suitable for use
with H2 are needed. Specifically, the number of interface sites between the Ag NPs
and basic sites of the support (active toward polar groups) should be increased while

Fig. 3.2 Design of core–shell nanocomposite catalyst for chemoselective hydrogenation. a Ag/HT
reacting with H2 to form polar and non-polar hydrogen species. b Ag NPs encapsulated by a basic
material (BM) (Ag@BM) reacting with H2 for the exclusive formation of polar hydrogen species.
BS represents a basic site. Reprinted with permission from Ref. [15]. Copyright 2012 Wiley–VCH
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simultaneously decreasing the number of bare Ag NP surface sites (active toward
C=C bonds).

A core–shell Ag@BM nanocomposite comprising Ag NPs encapsulated by basic
metal oxides (BM) was designed to perform complete chemoselective reduction
(Fig. 3.2b). The Ag@BM structure maximized the Ag NPs—BM interface area—
while minimizing the area of bare Ag NPs. This enabled the exclusive formation of
heterolytically cleaved hydrogen species, which relied on the combined action of the
Ag NPs and basic sites of BM. Further, the unfavorable formation of homolytically
cleaved hydrogen species on the bare Ag NPs was minimized. The Ag-hydride and
proton species allowed for complete chemoselective reduction of polar functionalities
while retaining the C=C bonds.

The facile synthesis of a core-Ag NP/shell-CeO2 nanocomposite (Ag@CeO2)
based on this catalyst design concept was proposed, which involved the reverse
micelle technique and the redox reaction between Ag (I) and Ce (III) [15]. The redox
reaction between Ag (I) and Ce (III) to Ag (0) and Ce (IV) occurred spontaneously
to form Ag@CeO2 in a single step. The method did not require the use of additional
reductants, and yielded small NPs (<10 nm) suitable for catalytically active metals.
Further, the nanoporous shell facilitated the diffusion of reactants into the active
core metal. This preparation method was straightforward compared to previously
reported methods for the synthesis of core–shell NPs, which often require multiple
steps and result in the formation of larger metal NPs (>10 nm). Scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-
ray spectroscopy (EDS), and X-ray absorption fine structure (XAFS) analyses of
Ag@CeO2 revealed core-Ag NPs (mean diameter = 10 nm) encapsulated in a shell
of assembled spherical CeO2 NPs (diameter = 3–5 nm) (Fig. 3.3).

Ag@CeO2 exhibited excellent selectivity for the chemoselective hydrogenation
of 3-nitrostyrene (1) to 3-aminostyrene (2) (98% yield) without reduction of the C=C
bond to 3-ethylaniline (3) under 6 atm of H2 at 110 °C (Fig. 3.4a). Unlike previously
reported catalysts, the C=C bond of 2 remained intact, even during a prolonged
reaction time after complete conversion of 1. In contrast to the Ag@CeO2 catalyst,
non-encapsulated conventional AgNPs supported onCeO2 (Ag/CeO2) exhibited low
chemoselectivity toward 2 due to successive hydrogenation of 2 to 3 (Fig. 3.4b).

The advantage of the core–shell structure of Ag@CeO2 was clearly demonstrated
during hydrogenation testing with styrene under the same conditions used for the
hydrogenation of nitrostyrene (Scheme 3.1). Ag@CeO2 did not hydrogenate the
C=C bond of styrene at all, whereas Ag/CeO2 did, thereby proving that Ag@CeO2

exclusively hydrogenated nitro groups did not exhibit activity for the C=C bond.
Ag@CeO2 also performed well in the hydrogenation of other nitro compounds

to form the corresponding aniline derivatives with high yields with a selectivity of
>99%, while retaining C=C double bonds (Table 3.1). Furthermore, the Ag@CeO2

particles were easily recovered after use via simple filtration from the reaction
mixture, and the high chemoselectivity was maintained after repeated use (Table 3.1,
entries 2 and 3). Inductively coupled plasma-atomic emission spectrometry (ICP-
AES) analysis of the filtrate revealed the absence of Ag species, while the TEM and
XAFS analyses revealed that the core–shell morphology was maintained. Further,
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Fig. 3.3 a SEM image, b HRTEM image, and c line-scan STEM-EDS of Ag@CeO2 (Ag = red;
Ce = green). Reprinted with permission from Ref. [15]. Copyright 2012 Wiley–VCH

Fig. 3.4 Hydrogenation of 3-nitrostyrene over time using a Ag@CeO2 and bAg/CeO2. Reprinted
with permission from Ref. [15]. Copyright 2012 Wiley–VCH
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Scheme 3.1 Hydrogenation
activity test of Au@CeO2
and Ag/CeO2 using styrene

Table 3.1 Chemoselective hydrogenation of nitro compounds using Ag@CeO2

Entry Substrate Product Time (h) Yield (%) Sel. (%)

1 O2N H2N 6 98 >99

2a O2N H2N 6 97 >99

3b O2N H2N 6 97 >99

4

O2N H2N

6 98 >99

5c O2N H2N 24 97 >99

6c

N
H

O2N

N
H

H2N 24 95 >99

Reaction conditions: Ag@CeO2 (25 mg), substrate (0.5 mmol), dodecane (5 mL), H2 (6 atm),
110 °C. aReuse 1. bReuse 2. c150 °C

the size and oxidation state of theAgNPs in the core did not change after the reaction.
These findings demonstrated the high durability of Ag@CeO2.

Ag@CeO2 also promoted the unique deoxygenation of epoxides to give the corre-
sponding alkenes. This reaction has attracted attention in both organic synthesis and
biological chemistry, as it plays a role in the protection-deprotection cycle of carbon–
carbon double bonds [16–18] and in the production of vitamin K in the human body
[19, 20]. Generally, stoichiometric deoxygenation of epoxides is conducted using
expensive and toxic reagents such as low-valent metals, iodides, phosphines, and
silane compounds. However, these systems involve tedious work-up procedures, air-
and moisture-sensitive reaction conditions, low atom efficiency, and low catalytic
activities. Therefore, there remains a need for highly efficient and environmentally
friendly catalytic deoxygenation of epoxides.

Various epoxides, including aromatic, aliphatic, and alicyclic epoxides, have been
successfully converted to the corresponding alkenewith >99%selectivity (Table 3.2).
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Table 3.2 Selective hydrogenation of epoxides to alkenes using Ag@CeO2
a

Entry Substrate Product Time (h) Yield (%)b Sel. (%)b

1 O 6 97 >99

2 O

Cl
Cl

6 95 >99

3
O

12 98 >99

4 O 12 96 >99
E:Z = 3:1

5
O

24 96 > 99

6 O 24 95 >99

7
O

24 94 >99

8 O 6 96 >99

aReaction conditions: Ag@CeO2 (25mg), substrate (0.5mmol), toluene (5mL), 110 °C,H2 (6 atm).
bDetermined by GC and LC using an internal standard

This is the first report on Ag-catalyzed chemoselective deoxygenation of epoxides
to alkenes using H2.

3.4 Highly Dispersed Ag@CeO2 on Solid Support
for Chemoselective Hydrogenation of Unsaturated
Aldehydes

Ag@CeO2 is an agglomerated powder, which results in partial covering of the
pores between the CeO2 NPs in the shell. This pore shielding inhibits diffusion
of the substrate to the Ag NPs in the core, leaving some catalytically active Ag NP
species ineffective. This agglomeration was prevented when the Ag@CeO2 parti-
cles were highly dispersed on inorganic supports [21]. Ag@CeO2 was successfully
dispersed on aCeO2 support (Ag@CeO2-D), as visualized using SEMwith elemental
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Fig. 3.5 a STEM images of Ag@CeO2-D and corresponding elemental maps of b Ce and c Ag
in the sample. d HAADF-STEM image of Ag@CeO2-D and the corresponding elemental maps
of e O, f Ag, g Ce, and h their overlap in the sample. Reprinted with permission from Ref. [21].
Copyright 2013 Wiley–VCH

mapping (Fig. 3.5a–c). A representative high-angle annular dark-field (HAADF)
image and corresponding elemental maps revealed immobilized Ag@CeO2 on the
CeO2 support, where the original core–shell structure of the catalyst was maintained
(Fig. 3.5d–h).

The applicability of this Ag@CeO2 design strategy for exclusive hydrogenation
of polar functional groups while retaining alkene groups was extended by using
Ag@CeO2-D for the selective hydrogenation of unsaturated aldehydes to the corre-
sponding unsaturated alcohols. This is an important reaction as unsaturated alcohol
products are highly useful intermediates in fragrances and pharmaceutical products.
Ag@CeO2-D exhibited excellent selectivity for the desired unsaturated alcohols,
where various aldehydes, including terpenes, aliphatic, aromatic α,β-unsaturated
aldehydes, and unconjugated aldehydes, were efficiently converted to allylic alcohols
with high selectivity (Fig. 3.6). Furthermore, the high dispersion of the agglomerated
Ag@CeO2 greatly enhanced its catalytic activity, and a sixfold increase in turnover
frequency was achieved. Ag@CeO2-D performed well under gram-scale reaction
conditions to produce a high yield of unsaturated alcohols, thereby demonstrating
the high stability of Ag@CeO2-D. These results clearly demonstrated the potential
of core–shell NP Ag@CeO2 and this catalyst design strategy for the chemoselective
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Fig. 3.6 Chemoselective hydrogenations of unsaturated aldehydes using Ag@CeO2-D

hydrogenation of polar functional groups while maintaining C=C bonds. This design
concept maximized the interface interaction between the Ag NPs and basic sites of
CeO2, which played a key role in inducing the heterolytic cleavage of H2.

3.5 Core-Au NP/Shell-CeO2 Catalyst (Au@CeO2)
for Selective Semihydrogenation of Alkynes

Core–shell metal NP catalysts have been synthesized via the seeded-growth method
[22–25], galvanic replacement method [26–28], and decomposition method [29–
31]. These methods allow for precise synthesis of core–shell NP catalysts, but are
complicated and often require multiple time-consuming steps. In contrast, the redox-
coprecipitation method used to produce the Ag@CeO2 catalyst allowed for facile
synthesis of core–shell metal NPs, where a redox reaction between the core and
shell precursors facilitated spontaneous formation of the core–shell metal NPs in a
single step. Redox-coprecipitation in a reverse micelle solution can be applied to the
synthesis of Au@CeO2 with a AuNPs core and CeO2 NPs (mean diameter = 2 nm)
assembled in a shell structure (Fig. 3.7) [32].
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Fig. 3.7 a TEM and b HAADF-STEM images of Au@CeO2 (inset: HRTEM showing lattice
fringes), with corresponding elemental maps of c Ce, d Au, and e their overlap in the sample.
Reprinted with permission from Ref. [32]. Copyright 2015 American Chemical Society

The catalytic potential of Au@CeO2 was investigated for the semihydrogenation
of alkynes for the synthesis of (Z)-alkenes. These products are important building
blocks of fine chemicals, including bioactive molecules, flavors, and natural prod-
ucts. Lindlar catalyst, namely Pb(OAc)2-treated Pd/CaCO3 with large amounts of
quinoline, has been widely used in these reactions [33]. However, this method has
several drawbacks, including the use of a toxic Pb salt and large amount of quinoline
to suppress the overhydrogenation of alkenes. Furthermore, the use of Lindlar cata-
lysts to treat terminal alkynes results in rapid overhydrogenation of terminal alkene
products. Therefore, the development of a sustainable and environmentally friendly
Pb-free semihydrogenation alternative has attracted significant attention.

Au NP catalyst systems with toxic hydride reagents are often required to achieve
high selectivity for alkenes [34–36]. Thus, the combination of Au NPs with hydride
is vital for achieving high selectivity for alkenes. However, a previous study found
that Au or Ag NPs and basic metal oxides cooperatively dissociate H2 to polar
hydrogen species, namely Hδ+ and Hδ−, which straddle the interfacial perimeter
sites [15, 21, 37]. Therefore, the catalytic potential of Au@CeO2 was investigated
for semihydrogenation of alkynes, where the core–shell structure maximized the
Au NP-CeO2 interfacial sites to facilitate heterolytic dissociation of H2 into polar
hydrogen species. The resulting polar hydrogen species favored alkynes over alkenes,
thus enabling highly selective semihydrogenation of alkynes.

The catalytic potential of Au@CeO2 was investigated for the hydrogenation of
phenylacetylene at room temperature under 30 atm H2. The time profile (Fig. 3.8a)
indicated a 89% yield of styrene using Au@CeO2 with >99% selectivity after 12 h,
where the high selectivity was maintained over a prolonged reaction time after full
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Fig. 3.8 Phenylacetylene hydrogenation over time using a Au@CeO2 and b Au/CeO2. Reprinted
with permission from Ref. [32]. Copyright 2015 American Chemical Society

consumption of phenylacetylene. In contrast, conventional CeO2-supported Au NPs
(Au/CeO2) without the core–shell structure exhibited a lower styrene yield, and
the selectivity gradually decreased as overhydrogenation of styrene occurred to form
ethylbenzene (Fig. 3.8b). The differences between the performance ofAu@CeO2 and
Au/CeO2 clearly demonstrated the key role of the core–shell structure in achieving
highly selective semihydrogenation.

The substrate applicability of Au@CeO2 for semihydrogenation is summarized
in Table 3.3, where aromatic and aliphatic terminal alkynes were transformed to
the corresponding alkenes with >99% selectivity at a high conversion level. This
excellent selectivity for terminal alkenes is unique and valuable, as conventional
catalysts such as the Lindlar catalyst causes rapid overhydrogenation of terminal
alkenes to alkanes at a high conversion level. Consequently, the hydrogen uptake of
these conventional processes must be closely monitored to prevent the formation of
alkanes. Various internal alkynes also yielded alkenes with >99% selectivity, while
reducible moieties, including halogen, methoxy, benzyl, cyano, hydroxyl, and ester
groups, were completely intact under these conditions. These findings demonstrated
that semihydrogenation of alkynes using Au@CeO2 is a promising method for the
synthesis of various functionalized alkenes from alkynes. This is the first example of
employing an Au catalyst for the selective semihydrogenation of alkynes at ambient
temperature under additive-free conditions.
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Table 3.3 Selective semihydrogenation of alkynes using Au@CeO2
a

Substrate Time (h) Yield (%)b Substrate Time (h) Yield (%)b

12 98 12 72

Cl
10 96

NC
20 97

45 99

HO

7 >99

O 24 95
CO2Et

18 >99

N 24 99
CO2Et

20 >99

24 95 HO 15 93

aReaction conditions: Ag@CeO2 (Au: 10–16 mol%), substrate (0.5 mmol), toluene (5 mL), rt, H2
(25–50 atm). bDetermined by GC and LC using an internal standard

3.6 Environmentally Friendly One-Step Synthesis
of Hydrotalcite-Supported Au@CeO2 in Water

The redox-coprecipitationmethod in a reverse micelle solution is a useful method for
the single synthesis of core–shell NP catalysts (Fig. 3.9a). However, the unavoidable
use of surfactants, organic solvents, and additional bases leads to economic and

Fig. 3.9 Comparison of the synthetic methods of core–shell NPs
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environmental issues,where the large amounts ofwaste and high energy consumption
have limited wider implementation of core–shell NPs. Alternatively, core–shell NPs
have been produced using a novel and environmentally friendly strategy without the
use of organic reagents under neutral conditions (Fig. 3.9b) [38]. The core and shell
metal precursors were simply mixed in water in the presence of metal oxides with
basic properties, which led to one-step fabrication of core–shell NPs without the use
of reductants, surfactants, organic solvents, or additional toxic bases. The basic sites
on the metal oxides served as a nanoscale reaction site to promote the redox reaction
between the core and shell precursors, leading to core–shell NPs highly dispersed
on the solid surface.

Core–shellNPswere synthesized usingHAuCl4, Ce(NO3)3, and hydrotalcite (HT:
Mg6Al2(CO3)(OH)16·4(H2O)) as the core, shell precursors, and basic metal oxides,
respectively. Specifically, a mixed aqueous solution of HAuCl4 and Ce(NO3)3 was
added dropwise to an aqueous suspension of HT, yielding HT-supported core-Au
NP/Shell-CeO2 (Au@CeO2/HT) in a single step. Microscope images revealed small
core–shell NPs (Fig. 3.10) suitable for catalytic applications due to immediate immo-
bilization of the in situ generated core–shell NPs on the metal oxide without over-
growth. Furthermore, the metal oxide-supported core–shell NPs were retrieved via
simple filtration, and the conventional calcination process to remove residual surfac-
tants was not necessary. Au@CeO2/HT was a highly efficient and reusable heteroge-
neous catalyst in a series of highly chemoselective hydrogenation reactions of unsat-
urated aldehydes, alkynes, and epoxides, where the desired products were obtained
with over 99% selectivity while preserving the C=C bonds under additive-free condi-
tions. Au@CeO2/HT also performed well in gram-scale reactions (Scheme 3.2),
where 20mmol of the substratewas chemoselectively hydrogenatedwith an excellent
yield of the desired product. Moreover, the Au@CeO2/HT catalyst was recovered
easily via simple filtration and reused without loss of catalytic activity or selec-
tivity. Overall, the synthesis and catalytic performance of Au@CeO2/HT allowed
for a lower environmental impact and reduced energy consumption throughout the
process, including catalyst preparation, reaction, separation, and reuse.

Fig. 3.10 a TEM and b HAADF-STEM image of Au@CeO2/HT (inset: HR-TEM showing the
lattice fringes) with corresponding elemental mapping images of c Au (green) and Ce (red)
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Scheme 3.2 Gram-scale reactions using Au@CeO2/HT

3.7 Summary

This section introduced core–shell nanostructured catalysts for chemoselective
hydrogenation. The core–shell metal NP catalysts comprised an Ag or Au NPs core
and a shell of assembled CeO2 NPs. The catalysts exhibited high potential for dura-
bility against aggregation, as well as excellent chemoselectivity for hydrogenations
of various functional groups such as nitro, epoxide, aldehyde, and alkynes while
preserving C=C bonds.

The core–shell metal NPs included a maximized active interfacial area between
the core metal and the shell support for enhanced catalytic performance. Specifically,
the Ag or Au@CeO2 structure was designed to maximize the area of the interface
between the Ag or AuNPs and CeO2, while minimizing the area of bare Ag or
Au NPs. This enabled the exclusive formation of heterolytically cleaved hydrogen
species via combined action of the Ag or Au NPs and the basic sites of CeO2.
Further, the unfavorable formation of homolytically cleaved hydrogen species on the
bare Ag or Au NPs was suppressed. The resulting metal-hydride and proton species
facilitated complete chemoselective hydrogenation of the polar functionalities while
retaining the nonpolar C=C bonds. Key aspects of these newly developed core–shell
NP catalysts included: (i) high catalytic activity and chemoselectivity, (ii) high atom
efficiency, (iii) reusability, and (iv) broad substrate scope.

Redox-coprecipitation in a reverse micelle solution was straightforward method
for the one-step synthesis of core–shell NP catalysts. This method did not require
the use of additional reductants. Further, the small size of the NPs was suitable
for a catalytically active metal and a nanoporous shell, which facilitated the diffu-
sion of reactants into the active core metal. This redox-coprecipitation preparation
method allowed for novel environmentally friendly one-step synthesis of small core–
shell NPs in water, where no surfactants, organic solvents, reductants, or additives
were required. The resulting core–shell NP catalyst exhibited high catalytic perfor-
mance and reusability. Consequently, high environmental compatibility and energy
efficiencywere achieved throughout the process, including catalyst preparation, reac-
tion, separation, and reuse. This simple and powerful method is expected to facilitate
the clean synthesis of other core–shell NPs.
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Chapter 4
Functions and Applications of Core–Shell
Materials in Hydrogenation-Related
Processes

Minghua Qiao, Hexing Li, and Baoning Zong

4.1 Introduction

Heterogeneous catalysts are usually prepared by the impregnation method, which
gives rise to a fairly random size and spatial distribution of the active components
on the catalyst surface. Due to the unrestricted migration and coalescence of the
metal atoms on the surface, it is difficult for catalysts in this structure to avoid the
loss of the active surface area and fast catalyst deactivation during the reaction. A
catalyst design concept that shows promise to circumvent these limitations is to
construct the catalyst in a core–shell structure. Typical core–shell catalysts contain
an active metal core and a porous shell. The core–shell structure affords heteroge-
neous catalysts new structural and electronic characters, which endow the catalysts
with new functions and enormous possibilities in hydrogenation-related processes.
It is expected that the shell is capable of protecting the active sites in the core and
improving the catalytic stability. The pore size in the shell can be utilized to control
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the entrance of the reactantmolecules with different sizes, which is conducive to size-
selective or regio-selective catalysis. The shell thickness can influence the diffusion
of the reactants/products, thus changing the product distribution. By adjusting the
hydrophilicity of the shell, the dispersion in the water phase or organic phase and
the interaction with the reactant/product of the core–shell catalysts can be changed,
making the catalysts versatile in water- or organic-phase reactions. When the core
is not used as the active sites, it is usually made of magnetic materials to facilitate
catalyst separation, or made of relatively inexpensive metals to act as a geometric or
electronic modifier to promote the metal overlayer.

As the research about the core–shell catalysts continues, and with the develop-
ment of in situ and operando techniques such as environmental transmission electron
microscopy (ETEM), near-ambient pressureX-ray photoelectron spectroscopy (NAP
XPS), and X-ray absorption spectroscopy (XAS), aside from the respective roles of
the shell or the core, the core–shell interaction has been unveiled in some cases, which
deepens the interpretation of the catalytic performance of the core–shell catalysts [1,
2]. Since dynamic compositional and/or structural evolution is likely to occur when
the core and shell materials can react with each other or the core–shell material is
bimetallic, care must be taken when correlating the structure–performance relation-
ship using the static composition/structure. Moreover, the applications of the core–
shell materials in measuring the hydrogen spillover distance [3] and as Raman signal
enhancer [4] have been demonstrated, which are instructive to the establishment of
more comprehensive hydrogenation mechanisms.

This chapter addresses studies mainly in this decade on the respective roles of
the shell and the core of the core–shell catalysts in hydrogenation reactions, the
dynamic compositional/structural changes of the core–shell materials under reaction
conditions, and the applications of the core–shell materials in new hydrogenation-
related processes. CO/CO2 methanation to CH4 is used to exemplify the advantages
of the core–shell catalysts in challenging high-temperature and highly exothermic
hydrogenation reactions as compared to the conventional catalysts. In the end, the
implications and challenges of the core–shell catalysts in hydrogenation reactions
are discussed.

4.2 The Functions of the Shell

Generally, the core–shell catalysts are prepared by coating the catalytically active
metal cores with porous materials as shells, which protect the active sites in the core
from leaching, sintering, and from being poisoned. Moreover, the properties of the
shell, such as pore size, shell thickness, and hydrophilicity, are closely related to the
performances of the core–shell catalysts in terms of activity and selectivity.
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4.2.1 Effect of Pore Size

Zhang and co-workers produced Pd/SiO2 core by loading Pd nanoparticles (NPs)
on non-porous SiO2 microspheres, and then coating the core with a perfect ZIF-8
shell by electrostatic induction, thus fabricating the Pd/SiO2@ZIF-8 catalyst. The
ZIF-8 shell with a pore size of 4.0–4.2 Å has two main functions. First, it can
selectively allow reactants of appropriate sizes to pass through the shell and react
on the core. Second, it can protect the Pd NPs on the core from leaching and from
being poisoned. In the hydrogenation of 1-hexene, cyclohexene, and cyclooctene
(Fig. 4.1), the conversion increased as the molecular size decreased. Intentionally
adding 100 ppm of triphenylmethyl mercaptan to the reaction did not lower the
conversion of 1-hexene. In addition, after four runs, the Pd loading on the core–
shell catalyst minimally decreased. In contrast, the Pd/SiO2 catalyst lost a significant
amount of Pd [5]. Similarly, Yip and co-workers prepared the Pd/ZIF-8@ZIF-8
catalyst for olefin hydrogenation. The conversion of 1-hexene was higher than that
of cyclooctene, and the small pore size of the ZIF-8 shell protected the Pd NPs
from thiophene poisoning, showing the attractive size selectivity and anti-poisoning
properties of the core–shell catalyst [6].

To geometrically direct the hydrogenation product of 3-methylcrotonaldehyde
to prenol, the Pt@ZIF-8 catalyst with the pore size of ZIF-8 equivalent to the
size of 3-methylcrotonaldehyde was prepared [7]. The narrow pores forced 3-
methylcrotonaldehyde to linearly approachPt. Therefore, theC=Cbond in themiddle
of the 3-methylcrotonaldehyde molecule did not interact with Pt, while the C=O
group at the terminal was easy to adsorb and be further hydrogenated to prenol. As a
result, the Pt@ZIF-8 catalyst gave >84% selectivity to prenol even at >90% conver-
sion. The Pt@ZIF-8 catalyst was also tested for the hydrogenation of acrolein. For
acrolein, since the C=C and C=O groups are located at both ends, the C=C bond
adsorption was not inhibited on Pt@ZIF-8. Thus, the selectivity to allyl alcohol
was comparable on the supported Pt-0.47/ZIF-8 catalyst and on the Pt-1.16@ZIF-8
catalyst.

Fig. 4.1 The size-selective effect of Pd/SiO2@ZIF-8 in olefin hydrogenation. Reprinted from Ref.
[5]. Copyright 2014 American Chemical Society
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Noticing that there was a lack of systematic comparison of the activities of the
core–shell catalysts with different porosities, Semagina and co-workers studied the
accessibility of metal sites in the Pd@SiO2 catalysts prepared with and without
porogen. In the first case, PVP was used as both a stabilizer of Pd and a poten-
tial porogen of SiO2. It turned out that the activity of the resulting Pd@SiO2 was
extremely low due to the difficulty in accessing Pd. In the second case, the high
surface-area Pd@SiO2 prepared by separately introducing PVP and CTAB as addi-
tional porogen was active, with identical TOF as traditional catalysts while higher
sintering resistance. However, even in highly porous catalysts, the authors found that
two-thirds of the surface of Pd was blocked [8]. Thus, the high porosity of the shell
must be ensured for efficient mass transfer within the core–shell catalyst.

Liu and co-workers prepared the Pd@mSiO2 catalysts composed of a Pd core
and a mesoporous SiO2 shell with controllable pore size from 1.97 to 2.73 nm by
changing the alkyl length of the surfactant CnTAB (n = 14–18) [9]. In nitroben-
zene hydrogenation, the larger pore size of the catalyst was more conducive to the
transportation of the reactants, and the smaller pore size was conducive to product
selectivity. After five cycles, the Pd@mSiO2 catalyst was more active and metal-
loaded than supported catalysts and commercial Pd/C catalysts. The Pd@mSiO2

catalyst may solve the problem of aggregation and sintering of active metals without
hampering the transport of reactants.

4.2.2 Effect of Shell Thickness

4.2.2.1 Oxide Shell

Wang and co-workers prepared the Fe3O4@SiO2 catalysts with different shell thick-
nesses to study the effect of the SiO2 shell on the distribution of Fischer–Tropsch
synthesis (FTS) products [10]. The inertmicroporousSiO2 shell improved the activity
and stability by protecting the core from cracking and sintering due to the structural
restriction and separation effect. As the thickness of the shell increased, the product
distribution shifted to C1–C4 gaseous hydrocarbons, which might be due to the diffu-
sion restriction on the products. Although the selectivity of C5+ hydrocarbons was
limited to 10%, the water–gas shift (WGS) activity was also lowered, which favor-
ably increased the productivity of hydrocarbons. The micropores in the SiO2 shell
were likely to hinder more the diffusion of CO than H2, thus increasing the partial
pressure of H2 on the core and consequently inhibiting the WGS reaction and the
production of CO2.

Xu et al. used skeletal Co as the core to prepare a Co@HZSM-5 catalyst via
hydrothermal synthesis [11]. The thickness of the zeolite shell was tuned by the
hydrothermal time. With the increase in the zeolite shell thickness, the catalytic
activity first increased and then declined in FTS. The volcanic change in the activity
was attributed to the existence of an acidic HZSM-5 shell, which is conducive to the
cracking of long-chain hydrocarbons into short-chain hydrocarbons that are easy to
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desorb, so the activity increased first. Further increasing the zeolite shell thickness
might hinder the syngas from entering the catalyst, and at the same time hinder the
out-diffusion of the product, thus reducing the catalytic activity. At a suitable zeolite
shell thickness, the long-chain hydrocarbons were cracked completely, leading to a
high selectivity for the gasoline fraction.

Sun et al. synthesized the Raney Fe@HZSM-5 catalysts with different shell thick-
nesses via a one-pot strategy using FeAl alloy both as the Fe precursor and as the Al
source (Fig. 4.2) [12]. The shell thickness was varied from 1.3 to 9.7μmby changing
the crystallization temperature. The core–shell catalyst with a thinner zeolite shell
showed lower steady-state activity, indicating that there was wax deposition on the
core,which blocked the active sites. Therewere long-chain products that had not been
completely cracked, which also signified that the zeolite shell was not thick enough
to completely crack long-chain hydrocarbons. On the other hand, too thick zeolite
shell was adverse to the catalytic activity. Moreover, because the degree of catalytic
cracking was too high, the product distribution shifted to short-chain hydrocarbons.
On the core–shell catalyst with suitable shell thickness, the steady-state conversion
was as high as 92.4%, and the product selectivity in the gasoline fraction reached a
maximum of 71.1% [13].

Yip and co-workers prepared a core–shell zeolite catalyst consisting of a Pd/ZSM-
5 core and a Silicalite-1 (S-1) shell (Pd/ZSM-5@S-1) by secondary crystallization of
S-1 on Pd/ZSM-5 [14]. In liquid phase olefin hydrogenation, although both 1-hexene
and cyclohexene can enter the 10-membered ring channel of the Pd/ZSM-5@S-1
catalyst, the conversion of the former (87%) was much higher than that of the latter
(13%). With the increase of the S-1 layer thickness, the Pd/ZSM-5@S-1 catalysts
showed increased conversion of 1-hexene over 1-heptene, even though both are linear
olefins with similar kinetic diameters that can enter the MFI framework. The authors
proved that due to the faster mass transfer rate, there is a strong correlation between
the thickness of the S-1 shell and the conversion of light olefins. This work provides
an example of how to change and improve the selectivity on zeolitic catalysts without
relying on the typical size exclusion mechanism.

Fig. 4.2 Illustration of the
formation process of the
Raney Fe@HZSM-5
catalyst. a The starting FeAl
alloy; b in situ dealumination
of the FeAl alloy by TPAOH
in the zeolite synthesis
solution; c nucleation of
HZSM-5 on Raney Fe;
d removal of TPAOH by
calcination in air; e reduction
in H2/Ar to restore the
metallic Fe core [12]
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4.2.2.2 Metal Shell

Reducing the shell thickness to a few atomic layers while retaining the catalytic
performance of the bulk catalyst reduces the consumption of precious metals.
However, in addition to the synthesis challenges, since the structure often changes
in a reactive environment, the few-layer core–shell catalysts may exhibit different
performance over time. Therefore, it is necessary to gain an understanding of the
behavior of few-layer core–shell catalysts in thermal and reaction environments.

Humphrey and co-workers synthesized Au@Rh NPs with adjustable shell thick-
ness using a microwave-assisted heating method. Au@Rh NPs with the shell as thin
as 2–4 Rh monolayers were prepared. The core–shell catalyst was more effective
than pure Rh NPs per mol of Rh in gas-phase hydrogenation of cyclohexene at room
temperature [15].

Pan and Yang reported that among the Rh, Pd, and Pd@Rh catalysts, when the
average thickness of the Rh shell was about two atomic layers, the Pd@Rh catalyst
showed the highest selectivity for CO2 methanation. The thickening of the Rh shell
during the high-temperature process was observed, which changed the selectivity
of CH4 due to the disappearance of the ligand effect of the core on the thick Rh
shell. Therefore, the selectivity at high temperatures was similar to that of the Rh
catalyst. Density functional theory (DFT) calculations showed that the dissociation
of CO on the (111) surface of the Rh mono- or bi-layer on Pd was energetically more
favorable than on pure Rh or Pd, which is beneficial for the hydrogenation of CO2

to hydrocarbons [16].
Zhou and co-workers investigated the structural stability of small Pd@Pt octa-

hedral NPs and the effect of shell thickness on the catalytic performance in the
hydrogenation of chloronitrobenzene [17]. The 6–8 nm Pd@Pt NPs were prepared
by a sequential reduction method, which could controllably synthesize Pd@Pt NPs
with 1–4 Pt atomic layers. The Pd@PtNPswith one atomic Pt layer showed excellent
structural stability and high catalytic stability during cycles of p-chloronitrobenzene
hydrogenation (Fig. 4.3). The Al2O3-supported Pd@Pt NPs showed the superior
catalytic performance to Pt, Pd, and their physical mixtures. DFT calculations
suggested that the unexpected structural stability of the Pd@Pt NPs with thin Pt

Fig. 4.3 Synthesis of Pd@Pt core–shell NPs with one atomic Pt layer and their stability during p-
CNB hydrogenation reaction. Adapted from Ref. [17]. Copyright 2015 American Chemical Society
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shells and their catalytic stability could be attributed to the strong binding of Pt with
the reactants/products. The enhanced catalytic performance of the Pd@Pt octahedral
NPs might originate from the core–shell interaction, which modulated the electronic
state of surface Pt atoms.

Enantioselective hydrogenation over heterogeneous catalysts is an ideal method
for the synthesis of chiral compounds in pesticides and drugs. So far, the supported
precious metal catalysts have been the most extensively studied in heterogeneous
enantioselective hydrogenation. However, the interaction between the prochiral
molecules and the surface of the support, though weak, is detrimental to enantiose-
lectivity. Chen and co-workers, through a simple strategy based on the reduction of
PdI carbonyl complex, prepared a P25 TiO2@Pd catalyst with a thin Pd shell ~1.0 nm
thick. By shielding the negative interaction from the support, the P25@Pd catalyst
with unique electronic properties of Pd exhibited higher activity and enantioselec-
tivity in enantioselective hydrogenation of acetophenone than the Pd/P25 catalyst
prepared by the impregnation method and the unsupported Pd black catalyst [18].

4.2.3 Hydrophilicity

Wei and co-workers prepared monodispersed mesoporous SiO2 nanospheres (MSN)
as the support for Pt NPs. The Pt/MSN particles were then used as the core and
coated with a uniform mesoporous SiO2 layer by a two-phase stratification method.
The resulting dendritic mesoporous hierarchical core–shell nanostructures were
hydrophobically modified by methyl groups. During the aqueous two-phase hydro-
genation of nitrobenzene, the catalyst was located at the oil–water interface. Within
2 hwithout stirring, nitrobenzenewas completely converted into aniline. For compar-
ison, under the same conditions, the conversions on Pt/C and un-methylated catalyst
were only 33% and 39%, respectively [19].

Pang and co-workers developed carbon nanocomposite catalysts (Ni@NCFs)with
unique hydrophobicity from PVP/nickel nitrate through a one-step pyrolysis process
[20]. Their structure and hydrophobicity could be adjusted by the annealing temper-
ature. A positive correlation between the catalytic performance and hydrophobicity
of the catalyst was identified. Especially for the Ni@NCF-700 catalyst, the super-
hydrophobic N-doped graphene shell acted as a “solid ligand” to modify the Ni
core and exhibited a high affinity for organic substrates in the water phase and
high catalytic performance in the one-step synthesis of aniline and N-heterocyclic
aromatic compounds via the hydrogen transfer reaction. The superhydrophobic
Ni@NCF-700 repelled the water by-product, thereby reducing the possible adverse
effect of water on the catalyst. In addition, water can be used as the solvent, which
satisfies the criterion of green chemistry.

In order to solve the limitations of conventional hydrophobic/hydrophilic cata-
lysts in the water phase hydrogenation of organic compounds, Yang and co-workers
synthesized a core–shell structured catalyst, inwhichPd-supported fluorine-modified
SiO2 sphere acted as a hydrophobic core and the mesoporous SiO2 as the hydrophilic
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shell, as inspired by the structure of natural enzymes [21]. The hydrophobic core–
hydrophilic shell catalyst was well dispersed in water, while the hydrophobic core
could adsorb the hydrophobic reactants from water to the active sites, making the
catalyst more active than the Pd/SiO2 catalyst in the water phase C=C bond hydro-
genation in a series of acrylates. After the product was extracted with diethyl ether,
the catalyst dispersed in water was used directly in the next cycle after removing the
upper organic layer, which reduced catalyst loss during recycling. This hydrophobic
core-hydrophilic shell strategy opens up new possibilities for designing effective
catalysts for water phase organic reactions.

Xie and co-workers prepared a multifunctional nanomaterial
(Fe3O4@SiO2@CX@NH2) that contained a magnetic core, a silica protective
interlayer, and an amphiphilic silica shell (CX). After being loaded with Ru NPs, the
catalyst was used for the hydrogenation of α-pinene. The new amphiphilic catalyst,
acting as a solid foaming agent, increased the gas–liquid–solid three-phase interface
and consequently accelerated the reaction. Under mild conditions (40 °C, 1 MPa
H2, 3 h), 99.9% α-pinene conversion and 98.9% cis-pinane selectivity were obtained
[22].

4.3 Interaction Between Core and Shell

4.3.1 Effect of Shell Thickness on Core

Mehta and co-workers studied the effect of carbon shell thickness on the hydrogena-
tion performance of the Pd@Cmaterial with a defined core size, as pulsed molecular
beam experiments on carbon-free and carbon-containing Pd NPs showed that the
latter significantly promoted the diffusion of subsurface hydrogen [23]. Interestingly,
when the thickness of the shell increased, the H/Pd ratio was greatly improved, and
the hydrogen-induced lattice expansion also increased. Meanwhile, the Pd 4d band
center moved toward higher binding energy (BE) relative to that of bare Pd NPs.
For the interaction between metal and hydrogen, the position of the d-band center
relative to the Fermi level and the coupling matrix element between the adsorbate
and the metal are the most important parameters that determine the reactivity of the
metal toward hydrogen. The coupling matrix elements depend on the energy gap
between the interacting atoms. Therefore, the shift of the d-band center away from
the Fermi energy resulted in a stronger interaction between Pd and H (Fig. 4.4). This
discovery may be useful in many hydrogen-related applications, such as hydrogen
storage and catalysis, which require increased Pd–H interactions.
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Fig. 4.4 Effect of carbon shell on the interaction between Pd and H. Reprinted from Ref. [23].
Copyright 2015 American Chemical Society

4.3.2 Effect of Core on Shell

Transition metal NPs have high catalytic activity in many reactions, so it is neces-
sary to develop new methods for stabilizing tiny particles. The stabilization effect
can be achieved by coating metal NPs with a carbon layer similar to graphene to
form the metal@C nanocomposites. Interestingly, although the metal particles were
encapsulated in the carbon shell, this core–shell material still had catalytic activity
in many hydrogenation reactions. To explain this phenomenon, Erokhin and co-
workers synthesized carbon-coated Ni and Fe NPs, which contained metal cores of
about 5 nm in size and were wrapped in several layers of graphene-like carbon [24].
Ni@C and Fe@C gave high conversion in phenylacetylene hydrogenation above
150 °C and 300 °C, respectively. Fe@C displayed a high styrene selectivity of 86%
with 99% phenylacetylene conversion at 300 °C. The authors ruled out the possibility
of the presence of metal NPs on the outside of the pristine core–shell catalyst. They
also confirmed that the possibility of carbon shell cracking during the reaction was
minimal. Theoretical calculations further proved that due to the existence of space
and structural defects on the graphene overlayer and/or the presence of transition
metals in the subsurface layer, the carbon shells gained the ability to activate H2

through dissociative adsorption. This work shows that for metal@C catalysts, the
role of graphene shells as active sites in the hydrogenation reactions cannot be ruled
out.

Ni is vulnerable to ambient oxidation, which is adverse to its catalytic activity and
stability. Surface science studies showed that the sub-monolayer Ni coated on poly-
crystalline Au foil can resist oxidation. Therefore, Vinod and co-workers synthesized
Au@NiNPs [25]. By changing the concentration of theNi precursor, the thickness of
the Ni shell was adjusted from 2 to 8 nm. NAP XPS revealed that at a Ni shell thick-
ness of about 2 nm, the shell exhibited oxidation resistance. At high temperatures, the
thin Ni(OOH) shell was decomposed to metallic Ni, while the thick Ni(OOH) shell
maintained its oxidation state. In partial hydrogenation of phenylacetylene, under
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mild reaction conditions, the Au@Ni catalyst with a shell thickness of about 2 nm
was more active than the monometallic Ni or Au NPs and the core–shell catalyst
with a thicker Ni shell, which was attributed to electron donation from the Au core
to the thin Ni shell.

Román-Leshkov and co-workers demonstrated that compared with pure Pt NPs,
atomically thin Pt shells coated on titanium tungsten carbide and titanium tung-
sten nitride cores, TiWC@Pt and TiWN@Pt, respectively, exhibited high sintering-
resistance, enhanced CO tolerance, and increased selectivity in partial hydrogenation
of acetylene [26]. They found that the electronic structure of the Pt shell on the TiWC
and TiWN cores had changed significantly. The unoccupied Pt 5d3/2 state increased,
which was attributed to the widening of the d-band. However, the Pt–Pt distance was
almost the same as that of pure Pt NPs. Therefore, these electronic modifications
were attributed to the ligand effect originated from the hybridization of the Pt and
W d states rather than the strain effect. The DFT calculations proved the broadening
of the Pt d-band accompanied by the downshift of the d-band center. These results
demonstrate the importance of detailed physical characterization of the structure for
the accurate elucidation of material properties.

4.4 Thermal Evolution of Core–Shell Material

Most studies on core–shell catalysts are focused on their catalytic performances.
Moreover, the interpretations on the catalytic performances of the core–shell cata-
lysts are primarily based on their static structures before or after a reaction, which
is valid only when the core–shell structure remains intact throughout the reaction.
However, at elevated temperatures or in the presence of the reactants, atom redistri-
bution may occur. To obtain such dynamic structural information is challenging, as
advanced in situ or operando techniques are required. Though only limitedworks had
addressed this issue, thefindings are enlightening andbeneficial for the understanding
of the thermal stability, activity/selectivity change, and the mechanism underlying
the deactivation of the core–shell catalysts.

4.4.1 Monometallic Core–Shell Material

The thermal stability of the Pd@SiO2 nanostructure was investigated by Baaziz
and co-workers using ETEM under atmospheric pressure and electron tomography
(ET) [27]. In the process of heating in gas at atmospheric pressure, the Pd core
with the original shape of octahedron or icosahedron was tracked. In a reducing H2

environment up to 400 °C, there was a strong dependence of the shape and facet
transformation on the initial structure of the Pd particles. The octahedral single-
crystalline Pd NPs were less stable than the icosahedral polycrystalline Pd NPs. For
the former, the diffusion of Pd from the core to the outer surface of SiO2 caused the
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gradual shrinkage of the core. The latter did not show morphology/faceting change,
because in this case, due to the large number of crystal defects in the particles, the
diffusion of atoms within the particles was favored against the diffusion to the SiO2

shell.
The authors further studied the thermal behaviors of the Pd@SiO2 material under

reductive and oxidative conditions at temperatures up to 1000 °C, which was found
to be closely related to the thermal response of the SiO2 shell. Under H2, the SiO2

shell lost its porous structure and became densified, which blocked the Pd core by the
thick shell. In the air, the porosity of the SiO2 shell was maintained. The diffusion of
Pd from the core to the outer surface of the SiO2 shell increased with the temperature.
At 850 °C, all Pd atoms were discharged to the outside of the SiO2 shell.

4.4.2 Bimetallic Core–Shell Material

van Blaaderen and co-workers used in situ TEM and in situ EXAFS to study the
thermally driven atom redistribution in single-crystalline Au@Ag nanorods coated
with protective mesoporous SiO2 layer [28]. They found that the increase in the Ag
content resulted in slower metal redistribution, which was the opposite of the depen-
dence of the melting temperature on the Au/Ag ratio. In addition, size-dependent
alloying was found, where a reduction in particle size resulted in a lower alloying
temperature.

Gao and co-workers found that the Ni–Au bimetallic catalyst had high selectivity
for CO production during CO2 hydrogenation. Before and after the reaction, the
Ni–Au catalyst showed the structure of Ni core coated by a complete ultra-thin Au
shell. However, the inactive Au shell surface could not account for this catalytic
performance, as Au is inactive for this reaction. Through direct ETEM visualiza-
tion combined with a variety of in situ techniques, including XAS, IR, and theoret-
ical simulations, the authors revealed the formation of transient reconstructed alloy
surface caused by CO adsorption during the reaction [29]. The discovery of this
dynamic structural transition shows the importance of understanding the reaction
mechanism beyond the static model for bimetallic core–shell catalyst.

4.5 Applications of Core–Shell Materials

4.5.1 Measurement of Hydrogen Spillover Distance

Hydrogen spillover is an important phenomenon that affects the catalytic perfor-
mance of certain hydrogenation catalysts and the hydrogen storage capacity of certain
materials. However, it is a challenging task to confirm the occurrence of hydrogen
spillover and measure the distance of hydrogen spillover.
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Zhan and Zeng noticed that the stability of ZIF-8 (based on Zn2+) was
different from that of ZIF-67 (based on Co2+) in the presence of H2 or atomic
hydrogen. Both ZIF-8 and ZIF-67 maintained their structure in a H2 environ-
ment up to 300 °C. On the contrary, because atomic H is highly active, the
ZIF-67 skeleton was easily degraded by exposure to atomic H at lower temper-
atures (for example, 180 °C), while the ZIF-8 skeleton remained almost intact.
On the basis of these facts, they designed a series of ZIF-67@ZIF-8 nanocubes with
the ZIF-8 shell thickness varied from 0 to 50 nm (Fig. 4.5) [3]. The Pt NPs were then
loaded on the outer surface to generate atomic H. Only when H atoms dissociated on
Pt penetrate the inert ZIF-8 shell, does the decomposition of the ZIF-67 core occur.
Therefore, in ZIF-67@ZIF-8/Pt, the ZIF-8 shell worked as a ruler to measure the
travel distance of H atoms, while the ZIF-67 core acted as the terminator for H atoms.
By determining the extent of ZIF-67 degradation through in situ gravimetricmeasure-
ment under flowing H2 in combination with ex situ morphology/structure character-
izations, one can qualitatively measure the concentration of atomic H arriving at the
ZIF-67 core and hence the spillover distance of H atoms. In this way, the authors
confirmed that the ZIF-67@ZIF-8/Pt compositewith a ZIF-8 shell thickness of 20 nm
or 50 nm maintained their structural integrity in H2 flow at 240 °C for 4 h, indicating
that almost no H atoms reached the ZIF-67 core. When the ZIF-8 shell was as thin
as 5 nm, H atoms penetrated the ZIF-8 layer even at 220 °C for 4 h, causing the
hydrogenolysis of the ZIF-67 core. In addition, the authors proved that CO2 hydro-
genation on Co metal could also be used to track the spillover of H atoms on ZIF-8
under high pressure.

Fig. 4.5 EDX elemental mapping and line scanning of ZIF-67 and nano-Matryoshka-structured
ZIFs. a ZIF-67, b ZIF-67@ZIF-8, c tri-layered ZIF, d tetra-layered ZIF, e penta-layered ZIF, f hexa-
layered ZIF, g hepta-layered ZIF, and h octa-layered ZIF. Color code: purple represents cobalt;
brown represents zinc. Reprinted from Ref. [3]
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4.5.2 Enhancement of Raman Signal

Vibrational spectroscopy can provide molecular fingerprints of surface and gaseous
species present during the catalytic reaction, and can be used under a wide range of
experimental conditions, which is suitable for a molecular-level understanding of the
actual structure–performance relationship. Although the detection limit of traditional
Raman spectroscopy is low, surface-enhanced Raman spectroscopy (SERS) using
signal enhancement technology can detect single molecules. By using Au or Ag
NPs that exhibit local surface plasmon resonance (LSPR) effect when irradiated
with light of right frequency, a strong electromagnetic field can be induced near the
surface of the precious metal NPs. This makes SERS an extremely suitable tool for
surface study, as it only enhances the signal of the species on or near the catalyst
surface. In order to apply SERS to in situ and operando heterogeneous catalysis, Tian
and co-workers adopted a thin layer of dielectric oxide (such as SiO2) to stabilize
and physically isolate the Au and Ag NPs. This technique, so-called shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS) [30], is rapidly developing
into a very useful and practical method for the in situ study of catalytic reaction.

By using in situ SERS and SHINERS, Chen and co-workers studied the roles of
the Pt–Au and Pt–oxide–Au interfaces in H2 activation and p-nitrothiophenol hydro-
genation at the molecular level [4]. The Pt–Au and Pt–oxide–Au interfaces were
made by the synthesis of Pt-on-Au and Pt-on-SHINs nanocomposites. Direct spec-
troscopic evidence showed that the H atoms generated on Pt diffused to Au through
the Pt–Au and Pt–TiO2–Au interfaces. But this diffusion pathway was blocked at
the Pt–SiO2–Au interface. This discrepancy led to different reaction pathways and
product selectivity on Pt-on-Au and Pt-on-SHINs nanocomposites. In addition, the
pinhole-free-SHINs shielded the influence of the core on the reaction, which can be
used as a promising platform for the in situ study of heterogeneous catalysis.

However, the biggest limitation of such SHINs used in catalysis is their moderate
thermal stability (~450 °C). Therefore, studies have been limited to precious metal
catalysts, which can be easily reduced without high temperature. Non-precious metal
catalysts are more widely used, but their reduction requires harsher temperature
treatment. For example, the reduction of Ni requires high temperature, which would
destroy the SiO2 shell of the Au@SiO2 SHINs, making the SHINERS study on
such metals highly challenging. Weckhuysen and co-workers investigated various
methods to prepare active Ni catalysts on Au@SiO2 for the in situ SHINERS study
[31]. They found that spark ablation could deposit metallic Ni NPs directly on the
Au@SiO2 SHINs. In the acetylene adsorption experiment, the Ni-acetylene species
that has not been reported beforewere detected. This species disappeared after hydro-
genation, and the Raman bands associated with ethylene and ethylidine on Ni were
identified, thus confirming that hydrogenation reactions can be studied in situ on the
Ni-based catalysts using the SHINERS method. This work opens the avenue to the
elucidation of the reaction mechanism on non-precious metal catalysts including Fe,
Co, Ni, and Cu that are preferred in industrial catalysis using the in situ SHINERS
technique.
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4.5.3 Magnetic Core–Shell Catalyst on Magnetic Reactor

The rapid development of general synthesis strategies for magnetic core–shell mate-
rials with controlled size, composition, and structure provides huge possibilities for
the preparation of magnetic heterogeneous catalysts [32, 33]. Regardless of these
impressive advances, it is surprising that the application of magnetic core–shell cata-
lysts is quite primitive, that is, their magnetic properties are only used to help their
separation. A magnetically stabilized bed (MSB) reactor is a kind of reactor that
confines the magnetic catalyst by a magnetic field. As the strength of the magnetic
field increases, the MSB displays three operating modes: particle scattering mode,
chain mode, andmagnetic coagulation mode.When theMSB is operated in the chain
mode, the particles are oriented along the axis of the MSB in a chain-like manner.
The voidages between the chains are uniform, and there is no gas bypassing and solid
backmixing, thus rendering good contact with liquid or gas fluid. Fine particles can
be used without high pressure drop [34]. Therefore, the MSB operating in the chain
mode provides a good opportunity to develop reactors that are suitable for magnetic
core–shell catalysts.

Zong and co-workers developed a magnetic NiFe2O4@Al2O3 material with suffi-
cient mechanical strength by coating Al2O3 on magnetic NiFe2O4 spinel. Then,
a magnetic Pd/NiFe2O4@Al2O3 catalyst with sufficient saturation magnetization
was synthesized. The catalytic performance of the magnetic core–shell catalyst for
acetylene hydrogenation in anMSB reactor under different operation conditions was
studied. Under optimal reaction conditions, the acetylene conversion and ethylene
selectivity were about 100% and 84%, respectively [35]. For the partial hydrogena-
tion of benzene on the magnetic Ru/Fe3O4@Al2O3 catalyst in the MSB reactor, Fu
and co-workers found that the catalyst operating in the chain mode exhibited higher
benzene conversion and cyclohexene selectivity than in the particle scattering mode
[36]. The “magnetic core–shell catalyst-on-magnetic reactor” strategy can find appli-
cations in energy- and environment-related reactions, and will stimulate the design
of new synthetic methods for magnetic core–shell catalysts.

4.5.4 CO/CO2 Methanation

CO/CO2 methanation has gained more and more interest as a way to store surplus
renewable energy in the form of CH4, which is easy to store, transport, and use
in existing industrial infrastructure. However, the highly exothermic nature of the
methanation reactions requires catalysts that are stable under severe reaction condi-
tions. In principle, the core–shell catalysts are suitable for this kind of reaction,
because the catalyst structure can limit the sintering of the core metal [37]. Zhu and
co-workers demonstrated that the Ni@SiO2 catalyst gave a high CO conversion of
99.0% and a CH4 yield of 89.8% in CO methanation. The Ni@SiO2 catalyst exhib-
ited good catalytic stability in 100 h on stream, which is better than the supported
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Ni/SiO2 catalyst. The improvement in the catalytic performance of the Ni@SiO2

catalyst was proposed as the strong interaction between the Ni core and the SiO2

shell that effectively inhibits the growth of Ni and the deposition of coke [38].
Güttel and co-workers studied the effect of the structure of the iron catalyst on the

catalytic performance in CO2 hydrogenation, paying special attention to the coking
resistance [39]. Bare α-Fe2O3, SiO2-supported iron oxide, and a core–shell catalyst
with nano-sized Fe core embedded in a SiO2 shell (15Fe@SiO2) were prepared. The
bare α-Fe2O3 catalyst and the impregnated catalyst showed relatively high activity
at 400 °C and 1 bar, but suffered severe deposition of coke. In contrast, the core–
shell catalyst had higher resistance to coke formation, thermal sintering, and particle
attrition. The amount of carbon deposition on the used core–shell catalyst was about
300 times less than that on the bare α-Fe2O3 catalyst, and 32 times less than that on
the impregnated catalyst. However, the activity of the core–shell catalyst was low
and should be improved.

The authors also explored the applicability ofCo-based core–shell catalysts inCOx

methanation [37]. The catalyst consisted of Co NPs as the core, wrapped in an amor-
phous mesoporous SiO2 shell (Co@mSiO2). By comparing the Co@mSiO2 catalyst
with the supported Co/mSiO2 catalyst, the core–shell catalyst achieved higher CH4

selectivity in CO2 methanation, which was attributed to the higher chance of read-
sorption and subsequent hydrogenation of the CO intermediate. For CO methana-
tion, the core–shell catalyst exhibited rapid temperature-dependent deactivation due
to coking and possible pore blockage at temperatures above 350 °C. Nevertheless,
the Co@mSiO2 catalyst was thermally more stable than the supported catalyst. In
simultaneous CO/CO2 methanation, the Co@mSiO2 catalyst reacted flexibly upon
varying the composition of the feed gas, making the catalyst a promising candidate
to convert various process gases in the steel industry with a wide range of CO/CO2

ratio into CH4.
The limitation of heat transport has an adverse effect on the yield and selectivity

and the service life of the catalyst due to deactivation. Considering that heat transfer
through the solid catalyst largely depends on the thermal conductivity of the support,
Lee and co-workers developed a method of interfacial hydrothermal oxidation of Al
metal particles in a Ni salt aqueous solution to produce a core–shell microstructure
consisting of a high thermal conductivity Al metal core densely covered with a NiAl-
layered double hydroxide shell (Al@NiAl-LDH) [40]. The reduction of Al@NiAl-
LDH extracted Ni atoms from the NiAl-LDH shell, generating finely dispersed Ni
NPs on theAl@Al2O3 support (Al@Al2O3/Ni). The thermal conductivity ofAlmetal
ismore than one order ofmagnitude higher than that ofAl2O3, SiO2, TiO2, etc., which
significantly increased the thermal conductivity of the catalyst. Compared with the
Ni/Al2O3 catalyst prepared by the impregnation method, the Al@Al2O3/Ni catalyst
showed higher turnover frequency (TOF) and lower CO selectivity in CO2 methana-
tion, manifesting the excellent inherent catalytic performance of the Ni/Al2O3@Al
catalyst.
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Fig. 4.6 Determination of the Ru@RuC structure and its excellent activity in CO2 methanation.
Reprinted from Ref. [41]. Copyright 2019 American Chemical Society

Ru is a highly active metal for CO2 methanation at low temperatures. However,
the space–time yield (STY) of CH4 reported so far was too low for industrial applica-
tions. Corma and co-workers synthesized a ruthenium carbide catalyst with a core–
shell structure formed by a metallic ruthenium core and a ruthenium carbide shell
(labeled as Ru@C) through a gentle hydrothermal method using EDTA or glucose
as a carbon source [41]. It was determined that although metallic Ru was dominant
in the inner layer of the material, ruthenium carbide was located on the upper surface
layer (Fig. 4.6). The Ru@C catalyst could activate CO2 and H2, and showed high
activity for CO2 methanation at low temperature (160–200 °C). Under the conditions
of atmospheric pressure and feed rate of 8.3 ml g−1 s−1, the STY at 160 °C was 3.5
μmolCH4 s−1 g−1

cat., and increased to 13.8. μmolCH4 s−1 g−1
cat. at 200 °C. Based on

catalytic studies and isotopic 13CO/12CO2/H2 experiments, the active sites respon-
sible for the high activitywere related to the surface rutheniumcarbide (RuC) species,
which activated CO2 and converted it into CH4 through a direct CO2 hydrogenation
mechanism. The catalyst also showed good stability with CH4 selectivity higher than
99.9%, which makes the Ru@C-EDTA and Ru@C-glucose catalysts promising for
the Sabatier reaction.

4.6 Summary and Outlook

The advent of core–shell materials has opened up enormous possibilities for creating
heterogeneous catalysts with new properties and new functions. The core–shell mate-
rials have been extensively developed and applied in many fields and can serve as
promising catalysts in a variety of hydrogenation-related processes, which show
superior performances as compared to conventional catalysts, especially in size- or
shape-dependent reactions and high-temperature reactions. Advanced in situ and
operando techniques together with theoretical calculations are powerful tools to
reveal compositional/structural changes and catalytic mechanisms of the core–shell
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catalysts, which can accelerate the development of highly active and selective core–
shell hydrogenation catalysts. However, the industrial application of the core–shell
catalysts in hydrogenation processes has not yet been achieved. It is crucial to develop
synthetic methods that are capable of preparing uniform and well-defined core–shell
catalysts in a facile and low-cost manner to facilitate their large-scale commercial-
ization. When designing the core–shell catalysts, care should be taken to balance
the confinement effect of the shell and the accessibility of the core to attain a high
utility of the core atoms. For bimetallic core–shell catalysts, there are good chances
to develop new catalysts with enhanced activity and/or selectivity on the basis of
the strain effect or the ligand effect. For this purpose, the atomic layer deposition
(ALD) technique, which can accurately control the shell composition and thickness
[42], is promising to prepare core–shell catalysts with a defined structure and hence
tailor-made catalytic performance.
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Chapter 5
Multimetallic Catalysts
and Electrocatalysts: Dynamic
Core–Shell Nanostructures

Zhi-Peng Wu, Shiyao Shan, Shan Wang, Dominic Caracciolo, Aolin Lu,
Zhijie Kong, Richard Robinson, Guojun Shang, and Chuan-Jian Zhong

5.1 Introduction

Heterogeneous catalysis plays a critical role in the global drive to sustainable energy
and environment [1]. As nanostructured catalysts have found increasing applications
in heterogeneous catalysis involving many sustainable energy and environmental
reactions, the ability to control the surface composition, structure, and morphology
of the nanocatalysts is challenging due to the highly dynamic nature of atoms on the
surface or in the bulk phase of the metal or alloy nanomaterials [2–4]. Nanoalloy
catalysts and electrocatalysts containing platinum group metals (PGMs) and 3d-
transition metals (3d-TMs) have been proven to be an effective method to enhance
the catalytic performance while reducing the cost by taking the advantages of the
modulated charge distribution and the optimized strain effect [3–7]. The structure
of catalysts, whether in core–shell or alloy states, exhibits a significant influence on
their properties in terms of thermal stability and catalytic performance.

The study of core–shell and alloy structured catalysts dates back decades ago
[8, 9]. With the rapid development of nanomaterials, there have been extensive
studies of core–shell and alloy structures of different types (Fig. 5.1). In addition
to composition-homogeneous alloy (CHA), which can also be considered as disor-
dering (defect)–ordering core–shell structure (DOCS) with an ordered core and a
disordered shell containing atomic defects, we can conceptually group core–shell
nanomaterials in four major types. Phase-segregated core–shell (PSCS) features a
core–shell nanoparticle which is traditionally defined as an inner core (e.g., metal
M) conformally coated with a shell (e.g., metal N). Many core–shell structures often
exhibit different elemental enrichment at the core and the shell, which are defined
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Fig. 5.1 Schematic illustrations of different types of core–shell and alloy structures using binary
metal nanoparticles as examples. Reproduced with permission from ref. [3] Copyright 2020
American Chemical Society

as elemental-enriched core–shell (EECS) structures. There are a few emerging
core–shell structures, such as dynamically evolved core–shell (DECS), structurally
different core–shell (SDCS), and surface-oxygenated core–shell (SOCS) structures.
Often there is no clear boundary between the different core–shell and alloy structures
since the transformations among these structures can be highly dynamic, especially
under different post-synthesis or catalytic reaction conditions [3].

A variety of methods for the synthesis and processing of core–shell structures
have been successfully developed in the past few decades, as can be classified
in (i) as-synthesis method such as seeded growth method [10]; (ii) post-synthesis
processes including thermochemical treatment [5, 11], adsorbate-induced segrega-
tion [12], chemical dealloying [13], and underpotential deposition (UPD) followed
by galvanic displacement [14]; (iii) dynamic core–shell evolution under electro-
chemical or fuel cell operating conditions [6, 15]. Despite significant advances that
have been achieved on nanostructured catalysts with core–shell and alloy structures,
a rarely asked question is, how the structure of nanomaterials dynamically evolve
under reaction conditions between core–shell and alloy characteristics along with the
impact on the catalytic synergy [3]? In this chapter, the dynamic structure evolution
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of nanostructured catalysts is highlighted with focal points on the impacts of the
thermochemical treatment, electrochemical potential cycling, and fuel cell operating
condition, as well as gas-phase reactions.

PGMs play a major role in catalysis. Core–shell and alloy structures enable not
only efficient utilization of the precious PGM, but also produce remarkable catalytic
synergies. In a core–shell structured catalyst, cost-prohibitive PGMs expose on the
shell participate in the reaction with high intrinsic activity while non-noble metals
in monometallic or alloy states form the core to influence the structural properties of
the shell. One important area of catalysis in the global drive to sustainable energy and
environment is the development of clean energy conversion devices such as fuel cells.
Fuel cell technologies represent a crucial vector of clean, efficient, and sustainable
energy sources when applied in portable electronic devices and automobiles [9,
16]. Electrocatalysts are the soul components in fuel cells both at the cathodic site
for the oxygen reduction reaction (ORR) and the anodic site for alcohol oxidation
reaction and hydrogen oxidation reaction. Another important area of catalysis in the
global drive to sustainable energy and environment is the development of effective
catalysts for oxidation reactions. There have been increasing demands for enhanced
production of valuable chemicals, effective remediation of hydrocarbon pollutants,
and sustainable energy conversion of various fuels. Oxidation reactions (total or
partial oxidations) account formore than 60%of the chemicals and intermediates that
are widely used in the chemical industry to produce pharmaceuticals, fine chemicals,
agricultural chemicals, andvarious functionalizedhydrocarbonmolecules.Oxidation
reactions also play a pivotal role in the remediation of hydrocarbon pollutants and
the production of biomass fuels.

Indeed, PGMs have played and continue to play important roles in these catalytic
reactions. PGM-based nanoalloy electrocatalysts exhibit excellent performance in
both activity and durability in acidic fuel cells. Although alkaline fuel cells enable
PGM-free electrocatalysts (such as non-noble metal-based and carbon materials),
good performance in fuel cell reactions, their mass commercialization, however, is
greatly hindered by the relatively low activities and the currently limited progress
on the alkaline membrane. Therefore, the focus is limited on PGM-containing alloy
or core–shell electrocatalysts in this chapter. In general, alloying PGMs with 3d-
TMs has been proven as an effective method to enhance the activity while reducing
the cost of electrocatalysts. However, the current state of PGM-based nanoalloy
electrocatalyst is still suffering from the high cost with a high PGM usage greater
than 75 atomic percent (PGM mass fraction >90% in nanoalloy) [17]. On the other
hand, the development of low-temperature active catalysts with a reduced amount
of PGMs will contribute to advanced emission control systems to meet the increas-
ingly stringent emission standards, fuel-efficient technologies, and environmental
sustainability. There is increasing evidence showing fuel economy advantage with
advanced fuel injection systems over the conventional gasoline counterparts, which
translates to a significant reduction in greenhouse gas emissions. However, the fuel
efficiency improvement resulted in lower emission temperatures where conventional
aftertreatment systems are not suitable, leading to the emission of significant amounts
of HC, CO, particulate matter (PM), and nitrogen oxides (NOx). PGMs are widely
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used in emission control systems to meet the ever-tightening emission standards, but
they are expensive and fluctuating in the market, driving up the catalyst manufac-
turing cost [18]. With the reinforcement of federal regulations for the reduction of
green house gases (GHG), advanced engines and powertrain systems with enhanced
fuel economy are expected to be operated at much lower exhaust temperatures than
the conventional emission control systems. Many design strategies focus on active
PGM catalyst-support peripheral interfaces by exploring isolated single atoms, reac-
tive surface intermediates, surface-oxidized species, metal carbonylation, meso/nano
porous structure, and lattice oxygen [19, 20]. Despite extensive studies of conven-
tional PGMor non-PGMcatalysts, the understanding of the role of PGMcomponents
in catalyst activation and deactivation, especially in terms of simultaneous evolution
of the surface sites and atomic-scale structures, remains elusive.

5.2 Core–Shell/Alloy Structures of Metal and Alloy
Nanomaterials

Core–shell nanomaterials can be broadly defined as core and shell with differences in
composition and structures [8]. Significant progress has been made in the synthesis
of alloy and core–shell nanoparticles of different types using different approaches.
With the as-synthesized nanoparticles, thermochemical treatment is often applied to
remove the surface contaminations and reconstruct the alloy structure. The chem-
ical structures obtained after the thermochemical treatment are highly dependent on
the treatment temperatures and atmospheres [5]. Interestingly, the high temperature-
induced strong dynamic evolution could alter the structure of nanomaterials from
alloy to core–shell structure, or from one core–shell structure to another core–shell
type, or even from core–shell structure to alloy state. A dynamically atomic recon-
struction under thermochemical treatment enables a mutual transformation between
alloy and core–shell structures.

For supported bimetallic or trimetallic nanoparticles, the thermochemically
induced phase structure evolution could include alloying and partial or complete
phase segregation (Fig. 5.2a). For example, carbon-supported AuPt (AuPt/C) CHA
NPs are thermochemically treated under 20% O2/N2 at 280 °C and then under 15%
H2/N2 at 300–800 °C as in sequence. Different core–shell and alloy structures are
obtained after the thermochemical calcination (Fig. 5.2a) [11]. AuPt/C NPs annealed
under H2 at low temperatures (300–400 °C) exhibit CHA characters while a phase-
segregated Pt-rich alloy core and Au shell EECS or PSCS structure is achieved at
high temperature (800 °C)-treated AuPt/C NPs. This dynamic evolution of the core–
shell structure is validated by XRD characterizations (Fig. 5.2b). A single alloy
phase structure was shown at low temperature annealed catalysts (300 °C). With
the thermochemical treatment temperature increasing, more obvious phase separa-
tions were exhibited by showing two diffraction peaks. The analyses of the lattice
parameters further substantiated this finding (Fig. 5.2c). In contrast to Au, Pt exhibits
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Fig. 5.2 a Idealized illustrations of the nanoscale alloyed, partially alloyed/partially phase segre-
gated, or completely phase segregated bimetallic metals on a support. b XRD patterns of AuPt/C
NP treated at different temperatures under H2. a, 300 °C; b, 400 °C; c, 500 °C; d, 600 °C; and e, 800
°C. c The corresponding lattice parameters of AuPt/C NP catalysts treated at different temperatures.
d XPS spectra of AuPt/C NP thermochemically treated at different temperatures. a, 400 °C; b 800
°C under H2. Inset shows a comparison of XPS-determined Au% (red) and the Au% calculated
(green) based on idealized Pt (core)/Au (shell) nanoparticle. e RDE curves of AuPt/C NP treated at
different temperatures. Inset is the illustration of AuPt NPs thermochemically treated at different
temperatures under H2 in varying structures. Reproduced with permission from ref. [11] Copyright
2010 American Chemical Society
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higher intrinsic catalytic activity toward ORR. This conclusion is confirmed by the
significantly reduced Pt-specific active surface area and ORRmass activity on the Pt-
rich alloy@Au EECS/PSCS NPs compared with its fully alloyed CHA counterpart
(Fig. 5.2e).Density functional theory (DFT) studieswere carried out to investigate the
thermodynamic stability of AuPt nanoalloy catalysts with different phase structures.
A phase-segregated cluster model with Au-enriched shell structure was identified as
the most stable configuration compared with other alloy counterparts.

Multimetallic NPs have been widely explored for the design of efficient cata-
lysts. One example involves the exploration of PtAuNi NPs as electrocatalysts for
fuel cell reactions. By thermochemical annealing under H2, the as-synthesized Au-
rich core@PtNi-rich shell EECS structure is dynamically evolved to form a Ni-rich
core@PtAu-rich shell EECS structure (Fig. 5.3). The surface enrichment of noble
metal Pt and Au with optimized Pt–Pt bond distances are found to be responsible
for the enhanced methanol oxidation activity by facilitating the dehydrogenation of
methanol and effectively removing the surface poisonous carbonaceous species [21].
The as-synthesized ternary PtPdCu NPs feature a PdCu alloy core and a Pt-rich shell
EECS structure. However, after a thermochemical annealing treatment under H2, the
structure of PtPdCu NPs dynamically transforms to a uniform CHA state, which is
responsible for the enhanced high activity and durability for the methanol oxida-
tion reaction (MOR). The dynamic structure reconstruction under thermochemical
treatment is believed to be linked to the surface energy difference between atoms,
phase state stability at different temperatures, and varying bonding strength in metal
combinations. Mechanistically, the surface catalytic sites control the formation of
surface species in an indirect pathway for the electrocatalytic MOR over the Ni-rich
core@PtAu-rich shell NPs [17].

Beyond elemental distribution-specified EECS structures, core–shell structures
with the same bimetallic combination but different nanophase types have also been
demonstrated by thermochemical processing of as-synthesized NPs. One example
involves the thermochemical treatment of Pd50Cu50 SDCS NPs, which is shown to
exhibit a significant impact on the electrocatalytic properties of the electrocatalyst for

Fig. 5.3 Illustration of the atomic reconstruction of AuPtNi/C NP catalyst from Au-rich
core@PtNi-rich shell to Ni-rich core@PtAu-rich shell structure under thermochemical treatment.
Reproduced with permission from ref. [21] Copyright 2018 Royal Society of Chemistry
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Fig. 5.4 a RMC model of the bcc-core@fcc-shell SDCS structure. b A schematic illustration
of phase evolution in terms of fcc and bcc manipulated by thermochemical treatment. c DFT
calculations on O–O bond cleavage in O2 molecule on fcc- and bcc-structured PdCu alloy models.
Reproduced with permission from ref. [5] Copyright 2018 American Chemical Society

oxygen reduction reaction [5]. For example, 100 °C/H2-treated Pd50Cu50 NPs yield
a pure fcc type CHA phase structure, while 400 °C/H2-treated Pd50Cu50 NPs show
a mixed SDCS structure of body-centered cubic (bcc) alloy core and face-centered
cubic (fcc) alloy shell (Fig. 5.4a). The thermochemical treatment is shown to induce
phase structure transformation between fcc, bcc, and fcc/bcc mixture depending
on the calcination temperatures (Fig. 5.4b). The formation of bcc-core is induced
by high thermotreatment temperatures (≥200 °C). The ORR catalytic activity is
highly dependent on the nanophase type of electrocatalysts. Surprisingly, Pd50Cu50
NPs with a pure fcc CHA structure show much better ORR catalytic activity but
inferior durability than the structural type of SDCS with bcc-core@fcc-shell. This
phenomenon demonstrates a general rule of thumb in catalysis, that is to say, high
stability of the catalyst is sometimes achieved at the sacrifice of the activity [5, 22,
23].

To further obtain the reaction mechanism from the theoretical perspective, DFT
calculations of the elementary step of O–O cleavage reaction in molecular oxygen
based on PdCu models with fcc and bcc structures were performed (Fig. 5.4c). The
results showed a lower reaction barrier on the fcc-phase model compared with that
of the bcc-phase model, which coincides with the experimental results.

Besides using a single type of as-synthesized NPs as the precursor for the core–
shell evolution by the thermochemical treatment of the supported NPs, the use of
one type of as-synthesized NPs in the presence of another type of as-synthesized
NPs or another metal precursors has also been demonstrated for the preparation of
core–shell NPs. One approach involves thermal activation of two types of NPs as
precursors in a solution for the formation of core–shell NPs. This dynamic core–shell
structure evolution was achieved in the case of a Fe2O3@Au core@shell structure
[24]. Molecularly capped Fe2O3 and Au NPs are homogeneously mixed together
followed by a thermal activation process. Au NPs in a relatively small size adsorb on
the surface of Fe2O3 NPs and then aggregate to form well-defined shells induced by
thermal activation. The whole process is highly dynamic to reach a balanced state
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at every moment. The shell thickness can be readily controlled by varying the ratio
between core and shell materials, which can be extended to diverse types of NPs.
Another approach involves seeded growth for producing other types of core–shell
nanoparticles with different chemical nature of the materials. The core materials can
be in the form of metallic NPs to metal oxides. For example, Fe3O4@Au core–shell
NPs were synthesized via sequential deposition of Au atoms on Fe3O4 seeds by
the wet chemical approach [25, 26]. Besides metal cations dissolved in chemical
solutions, small Au NPs can also serve as the shell precursors. In this case, Au and
Fe2O3 NPs are mixed in the solution and are subject to heating which thermally
activates melting of the Au NPs on the surface of the core and hetero-interparticle
aggregative growth and coalescence, forming a Au shell on the core, i.e., Fe2O3@Au
core–shell NPs [24]. The core–shell formation could also be a result of the reaction
occurring in the surface layer during the seeded growth process, leading to a core
and shell with different compositions and structures, e.g., core–shell MnZn ferrite
nanocubes [27]. These core–shell nanoparticles have found intriguing applications
where the magnetic core and the plasmonic gold or silver shell are exploited for
biomolecular assays [28, 29].

5.3 Core–Shell/Alloy Structures and Evolution Under
Electrolyte-Phase Reaction Conditions

It has been recognized that the core–shell/alloy structures can undergo dynamic
evolution under catalytic reaction conditions. There are many examples demon-
strating such evolution, especially under electrolyte-phase reaction conditions. By in
operando HE-XRD and atomic PDF analysis of NP catalysts in an in situ performed
PEMFC (Fig. 5.5), dynamic core–shell evolution has been observed under elec-
trochemical or fuel cell operating conditions [30]. In this study, the high-energy
synchrotron X-rays penetrate through a custom-designed PEMFC device, through

Fig. 5.5 Schematic illustrations of the HE-XRDmeasurement, PDF analysis, and RMC simulation
for characterization of multimetallic NPs. Reproduced with permission from ref. [18] Copyright
2018 Royal Society of Chemistry
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which the diffraction signals are collected by a panel detector and are transformed
to HE-XRD patterns. The data are analyzed by the PDFs technique, in which the
numbers of atom pairs in the first and the second coordination shells constitute the
first (σ) and the second (2σ) strong peaks, and so on. Detailed structures of the
catalysts are analyzed by 3D Reverse Monte Carlo (RMC) models, reflecting lattice
parameters, atomic coordination numbers, nanophase contents, and atomic compo-
sitions and distributions, etc. PDFs converted from experimental HE-XRD patterns
and 3D RMC simulations are depicted in black symbols and red lines, respectively.
The better the fitting between the experimental and the simulative PDFs, the more
accurate the information can be extracted from the best fitted 3D RMC models.

It is important to note that X-ray absorption fine structure (XAFS) techniques
have been widely used to analyze the first-neighbor atomic coordination structures.
As another powerful tool, HE-XRD/PDFs analysis allows the characterization of
the nanophase structures, along with the assessment of the overall coordination
numbers of metallic NPs at the atomic level with the aid of structural modeling
[5]. In the following subsection, selected examples will be described to highlight the
characterization of the dynamic core–shell nanostructures.

5.3.1 Pd/Pt-Based Nanoparticle Catalysts

Both Pt- and Pd-basedNP catalysts have beenwidely studied for a variety of catalytic
and electrocatalytic reactions. For commonly usedmetals in fuel cell electrocatalysts,
the stabilities in an acidic environment fall in a sequence of Pt > Pd > 3d-TMs. Pd,
which shows the most similar catalytic properties with Pt among all PGMs, serves as
an important element of fuel cell electrocatalysts in pure metallic or alloy states [5].
Generally, the overall performance including both activity and durability of Pd-based
fuel cell electrocatalysts in acidic media are inferior to Pt-based alloy counterparts.
Sometimes, hence, Pd-based nanoalloys are selected as model catalysts to study the
structure evolution process during electrochemical or fuel cell operating conditions
due to their large degrees of 3d-TMs leaching and obvious dynamics during struc-
ture evolution. The composition–structure–activity synergy in PGM containing alloy
electrocatalysts is one of the most crucial topics for a better design and fabrication of
efficient catalysts. PdNi NP ORR electrocatalysts were studied under a combination
of in situHE-XRD/PDFs analyses and electrochemical/PEMFC tests tomechanically
illustrate this synergistic relationship [15]. The in situ atomic PDFs are derived from
in situ HE-XRD patterns for Pd30Ni70 NPs generated in a custom-designed PEMFC.
The interatomic distances of the catalyst show an oscillatory behavior, reflecting a
dynamic reconstruction of PdNi NP catalysts under fuel cell operation condition
potential cycles. Interestingly, the evolution of the NP size of the catalyst determined
by HE-XRD/PDFs shows an irregularly dynamic fluctuation favor along with the
potential cycling line, which coincides with the trend of ex situ TEM-determined
particle sizes. The lattice constant of Pd30Ni70 NPs derived from HE-XRD/PDFs
patterns mirrors that of the Ni leaching rate during potential cycling and tends to
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reach a plateau after a certain number of potential cycles, indicative of an alloy
phase.

As depicted in Fig. 5.6 for the dynamically structural evolution of PdNi NPs
under the electrochemical or fuel cell operating condition, two possible scenarios
are considered in the process of Ni leaching from the PdNi NP upon potential
cycling. One scenario considers a dynamic reconstruction or realloying to reach
another nanoalloy state with a Pd-enriched composition. The other envisages the
formation of PdNi core with Pd-rich shell as well-documented in the literature for
other bimetallic nanoalloys, such as PtCu alloy NPs [31]. PdNi NPs experience an
oscillatory structural evolution process in regard to interatomic distances but always
feature an alloy state during the reconstruction process. If PdNi NPs after Ni leaching
transform into a complete “Pd-skin” structure, it is unlikely that such interatomic
distance oscillation and NP size fluctuation would happen. The “Pd-skin” protects
Ni species from leaching out and a steady plateau should be presented. Those oscilla-
tory behaviors might be attributed to the strong dynamic process in which Ni species

Fig. 5.6 aA schematic illustration of the dynamic evolution process for PdNi/CNPs under fuel cell
operating condition.Reproducedwith permission from ref. [15]Copyright 2015AmericanChemical
Society.bEvolution of atomic-level actual strain (blue), GSA (green), chemical composition of tran-
sition metal atomic percentage in NPs (magenta), and apparent ORR activity (red) for Pt12Ni53Co35
nanoalloy catalysts operated inside a PEMFC. c The corresponding RMC models during structure
evolution. Reproduced with permission from ref. [30] Copyright 2019 Royal Society of Chemistry
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leach out and then redeposit on the NP surface in a realloyingmanner. This leaching–
redepositing realloying phenomenon would repeat for several cycles along with the
electrochemical potential cycling and overall Ni leaching going on. Such a surface
alloying process is referred to as the kinetically controlled self-diffusion process
[32].

The dynamic nature of the composition–activity relationship during potential
cycling is supported by the correlation between ORR mass activity and bimetallic
compositions before, during, and after potential cycles. It is evident that Pd% in the
alloy NPs changes due to Ni leaching during potential cycling. However, activity–
composition correlations reported in a large number of previous works were based
on the composition of fresh catalyst, which is inappropriate in view of such strongly
dynamic behavior. The maximumORRmass activities of PdNi NPs are located at 30
at% Pd for fresh catalysts and 70 at% Pd for cycled catalysts after extensive potential
cycles. ThemaximumORRmass activity after a certain number of potential cycles is
very likely to be linked to a PdNi alloy NP with composition near 50 at%. To clearly
show the structural difference of PdNi NPs before and after potential cycling, along
with a comparison between results obtained by in operando and ex situ approaches,
RMC models were carried out. In general, similar evidences were exhibited by both
in operando and ex situ studies, ensuring the high reliability of both in operando and
ex situ data. Pd30Ni70 NPs with an initially low Pd content experience a significant Ni
loss (80%) after 3,000 potential cycles and then finalize at a dynamically stable state
with 70–80 at%Pd enrichment in theNPs, an increase in particle size about 2 nm, and
a great expansion in lattice parameters. The in operando approach could provide very
useful information of the transient states during the potential cycling, which is crucial
for the understanding of the dynamic evolution process [33]. The dynamic process
is indicated oscillations of the PDF peak in position and intensity for the nanoalloy
catalysts under the fuel cell operating condition, reflecting the dealloying/realloying-
induced fluctuations of the metal–metal coordination radii and numbers [33]. Taken
together, a dynamically structural evolution dominates the whole process during the
electrochemical cycling, inwhich PdNiNPs dynamically undergo a slowdealloying–
realloying process and finalize at a PdNi core and Pd-enriched shell structure after
extensive potential cycles.

In comparisonwith Pd-basedNP catalysts, Pt-basedNP catalysts have been exten-
sively studied, demonstrating better performance for ORR and PEMFC. Examples
include metal organic framework-derived Pt3Co NPs [34], TM-doped Pt3Ni octa-
hedral [35], etc. Compared with Pd-based NPs, Pt-based NPs usually exhibit better
anti-corrosive properties to harsh electrolytes hence better catalytic stability. Pt–TM
alloy NP electrocatalysts also experience a dynamically structural evolution process
under electrochemical and fuel cell operating conditions, which show less obvious
dynamics than Pd-based counterparts and are discussed in this section. A set of
PtNiCo ternary NPs with varying compositions, a binary PtCo, and pure Pt counter-
parts were recently studied by in operando HE-XRD and atomic PDF analysis at an
in situ performed PEMFC [30]. The detailed phase structures and lattice parameters
of fresh and post-cycled pure Pt- and Pt-based nanoalloy catalysts are studied. The
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as-prepared and 5 h-cycled pure Pt NPs are well simulated by uniform fcc-type struc-
tural models with lattice parameters of 3.919 Å and 3.922 Å, respectively. The lattice
parameter of Pt NPs approaches the bulk value during potential cycling but is always
slightly shorter than the bulk value of 3.924 Å. The fresh binary Pt68Co32 alloy NPs
show a chemically ordered fcc-type structure with a compressed lattice constant
of 3.855 Å. After about 1600 potential cycles (300 min), the structure of Pt68Co32
alloy NPs dynamically evolve to a chemically disordered phase with an expanded
lattice parameter of 3.862 Å. Three ternary PtNiCo NPs with high (Pt58Ni17Co25),
middle (Pt37Ni39Co24), and low (Pt12Ni53Co35) Pt contents all feature chemically
disordered fcc-type structures in the as-prepared states. Under operating conditions,
the ternary PtNiCo NPs maintain the chemically disordered fcc-type structures but
undergo a lattice parameter expansion to different degrees. Generally, Pt-based alloy
NPs undergo a significant loss of base metals during potential cycling and a relax-
ation of compressive strain, and finally relatively stabilize in a structure of alloy core
and Pt-rich shell.

The in-situ/operando results provide detailed information assessing the evolution
of chemical composition, atomic compressive strain in correlation with the electro-
catalytic activity of Pt-based NPs in the MEA and inside a PEMFC. The best fitted
models reflecting the nanophase state of the NPs are also provided. In the case of
pure Pt NPs, a low-level compressive strain relaxes at the beginning of the potential
cycling. Meanwhile, the ORR catalytic activity of pure Pt NPs concurrently drops
by a few percent. The further activity decay during potential cycling is most likely to
be linked with the gradual decrease of the geometric surface area (GSA) or ECSA of
the NPs. In contrast, the ORR activity losses of fresh Pt–TM alloy NPs at the begin-
ning of electrochemical operating are much larger than that of pure Pt NPs. This
significant initial activity decay is found to be proportional to the percentage of the
base metal leached out from the NPs and the fast relaxation of compressive strain.
For example, fresh Pt68Co32 NPs in a chemically ordered nanoalloy state undergo an
instant 20%ORRactivity decrease after the initial few potential cycles. Concurrently,
about 25% base metal leaches out from the alloy NPs coupled with the compressive
strain in the nanoalloy decreases from 1.9 to 1.75%. The structure of the NPs quickly
and dynamically transforms to a base metal-rich ternary alloy core and Pt-rich shell
structure. After further 1200 potential cycles, the NPs continue to leach base metal
out at a relatively much slower pace and an almost negligible atomic compressive
strain release. Interestingly, during the period of further potential cycling, the GSA of
the NPs diminishes by about 10%, accompanied by a further ORR activity decay of
20%. The structure of the NPs dynamically changes slowly and preserves the char-
acteristics of base metal-rich core and Pt-rich shell upon further operation. Taken
together, two clear stages can be divided during the whole operating time to seek the
reason for activity loss, i.e., (i) initial stage at the beginning of the potential cycling
dominated by 3d-TM leaching and compressive strain relaxation, (ii) further cycling
stage taken over by gradual GSA increase as a result of NP aggregation. This dynam-
ically structural evolution process is validated by other ternary Pt-based nanoalloy
electrocatalysts, such as Pt58Ni17Co25 and Pt37Ni39Co24.
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The dynamically structural evolution of Pt-poor Pt12Ni53Co35 NPs is interesting
(Fig. 5.6b, c). The NPs initially experience a sharp 3d-TM loss of 65% and “decom-
press” by about 2.5%. In the meantime, the ORR activity loses by 30%. Surpris-
ingly, the NPs undergo a drastically dynamic transformation into a full base metal
core@thick Pt shell-type structure and maintain about 1 h. The ORR activity seems
to rebound a bit at this transient state with a Pt-rich surface. This base metal@Pt
core@shell structure is expected to be stable under operating conditions convention-
ally. However, further cycling induces a small amount of 3d-TM leaching out but
the NPs reconstruct to a 3d-TM rich core@Pt rich shell state or another alloy state
relatively enriched by Pt. The structural instability and the increased GSA contribute
together to a further obviousORR activity loss. This dynamically structural evolution
process is not only limited to the conventional dealloying phenomena, in which base
metals keep leaching out in harsh operating conditions, but other transient transition
states may also be involved during this process. The evolution of core–shell structure
and its dynamics is highly dependent on the initial state of nanomaterials, including
metal combinations and compositions, elements distributions, and morphologies.

In addition to the above examples highlighting the evolution in chemical composi-
tion, compressive strain, and atomic distribution during the electrocatalytic reaction,
the changes in phase states of the catalysts in some cases have also been identified
by in situ HE-XRD/PDF characterizations. In a similar study of Pt37Ni29Cu34 NPs
with an initial single fcc phase, the dissolutions of Ni and Cu were observed due to
their rather low reduction potentials in the acidic environment. After the first hour of
the PEMFC operation, the NPs were shown to undergo phase segregation forming
a mixed phase with less-densely packed tetragonal (44 vol%) and fcc (56 vol%)
nanophases. A further five-hour operation results in more Ni species dissolution but
the structure still remains phase segregated. The transformation of the phase states
in alloy NPs is believed to be responsible for the activity change during the PEMFC
operation [36].

5.3.2 Pt-Based Nanowire Catalysts

In comparison with zero-dimensional (0D) NPs, PGM-based NWs feature a one-
dimensional (1D) nanostructure with unique anisotropic nature, effective mass
and charge transfer, and lower tendencies of atom dissolution and Ostwald
ripening/aggregation. Pt-based alloy NWs are a family of highly promising fuel
cell electrocatalysts, which evolve to core–sheath structures under electrochemical
potential cycling. Selected binary Pt–TM NWs are described here as examples to
illustrate the dynamic structure evolution.

One recent example involves the exploration of PtFeNWswith different bimetallic
compositions as fuel cell electrocatalysts [6]. The NWs were synthesized by a one-
step surfactant-free hydrothermal method. The dynamic structure evolution process
of PtFe NWs under electrochemical and PEMFC operating conditions was examined
by a combination of in operando together with ex situ techniques. In terms of the
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phase structures of fresh PtFe NWs, both Pt24Fe76 and Pt42Fe58 NWs show a mixed-
phase structure consisting of fcc and bcc types, while Pt71Fe29 NWs feature a long-
range correlation/ordered fcc phase. In a set of systematic ex situ experiments, the
chemical compositions, lattice parameters, and ORR mass activities of PtFe NWs
were studied. Pt24Fe76 andPt42Fe58 NWsboth experience an instant Femetal leaching
to a final Pt content of about 70 at% within the first few potential cycles and then a
slight compositionfluctuation during further 40,000 cycles. Pt71Fe29 NWswith a high
initial Pt content 70 at% show a steady composition throughout the entire potential
cycling process. Interestingly, no matter how much Pt is fed in the fresh PtFe NWs
with low (24 at%), middle (42 at%), and high (71 at%) Fe content, after the initial
50 potential cycles in the electrochemical environment, all of the PtFe NWs reach
a chemically steady state containing 70 at% Pt. The trend for the increase of lattice
constant is found to be very similar to the Pt content changing tendency. Amaximized
ORR mass activity is located at Pt24Fe76 NWs compared to PtFe NWs with other
compositions. During the potential cycling of Pt24Fe76 and Pt42Fe58 NWs, the ORR
mass activity undergoes three processes, (i) a slight increase after 50 cycles, (ii) keeps
increasing and finally reaches a maximummass activity after 20,000 cycles, and (iii)
starts to decay from 20,000 to 40,000 and continuing potential cycles. This tendency
coincides with that of the Pt content evolution under the operating condition.

As shown by the in situ HE-XRD results, the lattice parameters experience a
dramatic increase in the first 6 potential cycles and then keep fluctuating slightly in
the further extended 1,500 potential cycles (Fig. 5.7a, b). The EDS compositions of
Pt24Fe76 NWs undergo a sharp Pt enrichment after the first 6 cycles and then keep
leaching Fe at a relatively slow rate in the next 1,500 cycles.

The pristine Fe-rich PtFe NWs experience a quick TM (Fe) leaching during the
initial 6 potential cycles (Fig. 5.7c). As a result of TM leaching, PtFe NWs quickly
transform into a PtFe alloy core and Pt-rich sheath structure with a decreased NW
diameter. This step is highly dynamic due to the super-fast TM leaching rate. The
as-formed core–sheath structure undergoes a slowly dynamic reconstruction upon
the further 1,500 potential cycles, where TM leach out very slowly and PtFe NW
mainly maintains the core–sheath structure feature but transforms slightly back with
a little bit alloy favor. Based on the modeling results, there is a great propensity
of fcc and bcc mixed-phase structure to dynamically transform into a single fcc
structure under electrochemical and PEMFC operations. Although PtFe NWs with
varying compositions finalize in a chemical composition around Pt70Fe30, Pt24Fe76
NWs always show the highest ORR mass activity compared with others. The ORR
activity shows an order of Pt24Fe76 > Pt42Fe58 > Pt71Fe29 throughout the whole
potential cycling process, which is highly dependent on the initial Fe content or
compressive strain instead of the final composition after sufficient cycles. Overall,
Pt24Fe76 NWsdynamically undergo a structural evolution process fromuniform alloy
pristine state to a PtFe alloy core and Pt-rich sheath structure. This in situ-formed
core–sheath structure originated from the initial quick dealloying, and the subsequent
realloying processes enable super-high ORR activity and durability for PtFe NWs.
The information provided here is very useful to guide the future fuel cell catalyst
design for achieving high performance.
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Fig. 5.7 a Plot of the lattice constant of Pt24Fe76 NWs versus potential cycling number. b Compo-
sitions and lattice parameters change during fuel cell operation. c A schematic illustration of TM-
leaching and dynamic reconstruction of Pt–TM NWs during potential cycling. Reproduced with
permission from ref. [6] Copyright 2020 American Chemical Society

BesidesPtFeNWs, other Pt-based alloyNWssuch asPtNiNWsandPtCuNWsare
also studied as fuel cell electrocatalysts and experience similar dynamically structural
evolution to yield Pt-based alloy core and Pt-rich sheath structures [37, 38]. For
example, PtNi NWswith a Pt:Ni ratio of 3:2 exhibit a clear lattice expansion based on
Vegard’s law, which coincides with the maximumORRmass activity among all PtNi
NWs with other compositions. As Fe and Ni share similar chemical properties as 3d-
TMs, Pt3Ni2 NWs also experience a similar dynamic evolution from a uniform alloy
initial state to a PtNi alloy core and Pt-rich surface sheath after 5,000 potential cycles,
which is evidenced by HR-TEM, ICP-OES, and XPS characterizations [37]. This
dynamically structural evolution process on NW electrocatalyst is also validated in
the EOR, as evidenced by a case of PtCu NWs. Ultrathin PtCu alloy NWs containing
a Pt:Cu atomic ratio of 32:68 exhibit a maximum mass activity toward the EOR,
which is twice as high as pure Pt NWs. Bimetallic Pt32Cu68 alloy NWs with uniform
elemental distribution undergo a dealloying process during the EOR test. A portion
of base metal Cu leaches out during the dealloying process as a result of potential
cycling. Meanwhile, the structure of PtCu NWs dynamically transforms to a PtCu
alloy core and Pt-enriched outmost surface sheath. This dynamic process is largely
originated from the harsh operating conditions and the applied potential as two strong
driving forces.
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5.4 Core−Shell/Alloy Structures and Evolution Under
Gas-Phase Reaction Conditions

In comparison with the core–shell/alloy structures and evolution under electrolyte-
phase reaction conditions, the PGM-based NP catalyst under the gas-phase reac-
tion conditions does not involve leaching of the base metals from the catalyst into
the gas phase except in the case of sublimation under very high reaction tempera-
tures. However, like those in electrolyte-phase reaction conditions, the nanophase
and surface structures could undergo significant dynamic structural and composi-
tional evolution under the gas-phase reaction condition. The structure evolution in
the gas-phase reaction could be more pronounced than in the electrolyte phase given
the fact that many gas-phase reactions, especially oxidation reactions, occur at high
temperatures. Selected recent examples will be highlighted in this subsection to illus-
trate the core–shell/alloy structural evolution of NP catalysts in gas-phase oxidation
reactions such as CO oxidation and hydrocarbon oxidation.

5.4.1 Carbon Monoxide Oxidation Reaction

The study of carbon monoxide oxidation over multimetallic NPs serves as an
important probe to the detailed surface structure of the catalyst. One recent
example involves PtAuNi NPs, as described earlier. The formation of a CHA-
core@oxygenated-shell EECS structure occurs under reaction/thermochemical
annealing conditions, which represents a structural evolution of the nanocatalysts
with an Au-rich core/PtNi-rich shell nanostructure [21, 39]. The PtAuNi catalysts
were activated under CO oxidation reaction (CO (1%) + O2 (10%) in He) at 80 °C
for 2 h) and successive oxygenation atmosphere (O2 (20%) in He) and were evalu-
ated by combined in situ HE-XRD/PDFs andDRIFTs techniques. The initial thermal
expansion from 2.70 Å to 2.76 Å in experimental PDFs spectra under He atmosphere
induced significant diminishing of the compressive atomic-level stresses at the NP
surface (Fig. 5.8a). After exposure to CO oxidation conditions for 2 h, the cleaned-up
(in He) surfaces of Pt58Au42, Pt36Au9Ni55, and Pt40Au20Ni40 alloy NPs appear very
disordered at atomic-level evident by smearing of the oscillatory peaks in respec-
tive surface-specific atomic PDFs. Pt36Au9Ni55 alloy NPs appear to display “hard”
disordering characteristics of cubic-like NiO and/or tetragonal-like PtO in surface
shell compared to relatively “soft” Pt58Au42 and Pt40Au20Ni40 NPs (Fig. 5.8b). The
degree of surface layer oxidation increases in the order Pt36Au9Ni55 < Pt58Au42 ~
Pt40Au20Ni40 alloy NPs.

Simultaneously, DRIFTS spectra for fresh Pt36Au9Ni55 alloy NPs were collected,
which did not show the presence of CO species adsorbed on the NP’s surface,
indicating a superb reactivity of CO on the NP’s surface (Fig. 5.8c) which can be
attributed to the fact that surface Pt atoms in the NPs largely remain under compres-
sive stress (the average surface bonding distances remains ≤2.78 Å). The catalytic
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Fig. 5.8 a illustration of surface oxygenated PtAuNi catalysts featuring an Au core@PtNi shell
structure; b Surface-specific atomic PDFs for Pt36Au9Ni55 alloy NPs annealed in He atmosphere
and then exposed to a sequence ofHe–COoxidation–O2 reactivation–COoxidation reactions. Peaks
in the surface-specific PDFs are seen to change both in position and intensity with changes in the
reaction conditions, indicating a continuous reconstruction of the surface of probed Pt36Au9Ni55
alloy NPs. c Selected DRIFTS spectra for adsorption of CO molecules on the surface of probed
Pt36Au9Ni55 alloy NPs. The CO oxidation exposure time is given for each data set in the respec-
tive color. Vertical broken lines mark characteristic C≡O stretching frequencies. Reproduced with
permission from ref. [39] Copyright 2018 American Chemical Society

activity follows the order Pt40Au20Ni40 < Pt58Au42 < Pt36Au9Ni55 consistent with
the “hard” disordering structure in Pt36Au9Ni55 featuring a NiO/PtO surface shell.
It is believed the driving force of the disordering may be a further softening of the
surface metal-to-metal bonds arising from a transfer of charge from the nanoalloy’s
surface (back-donation) into the vacant (antibonding) 2π*-orbitals of the adsorbed
CO molecules, and the presence of a significant surface structural disorder helps the
formation of surfacemetal–oxygen species which, in turn, depends onNPs’ chemical
composition.

5.4.2 Propane Oxidation Reaction

As stated earlier, the need for active and stable oxidation catalysts is driven by
the demands in the production of valuable chemicals, remediation of hydrocarbon
pollutants, and energy sustainability. A new approach to oxidation catalysts for total
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oxidation of hydrocarbons (e.g., propane) was proposed based on surface oxygena-
tion of platinum (Pt)-alloyed multicomponent nanoparticles (e.g., platinum–nickel
cobalt (Pt–NiCo)) (Fig. 5.9) [40]. The as-synthesized ternary (n = 42, m = 39)
alloy nanoparticles feature an average size of 4.9 (±0.6) nm and a lattice spacing of
0.188 nm characteristic of (111) crystal plane (Fig. 5.9a, left). Upon thermochem-
ical annealing, the catalysts feature an oxygenated Pt–NiOCoO surface layer and
disordered ternary alloy core, simply NA − SONA as evident by a lattice spacing of
0.204 nm at edges and 0.177 nm in the center (Fig. 5.9a), indicative of a surface layer
of PtNiOCoOwith 1.4 nm thickness which accounts for 6–7 atomic layers (Fig. 5.9a,
right).

The ternary catalyst design features multifunctional surface active sites with
an active Pt center and self-generated and self-perished surface oxygen-activating
NiO/CoO sites, enabling not only composition-controllable but also dynamically
tunable activity and stability since the degree of surface oxygenation depends on the
alloying composition and phase structures. By analyzing the lattice parameters based
on the HE-XRD/PDF data and the coordination number (CN) of metal components
based on EXAFS spectral fitting (Fig. 5.9b), the catalysts were found to feature a
long-range disordered alloy character in the core with different degrees of metal
oxygenation. The detection of the high level of oxygenation for Ni and Co (N(Ni–O)
−4.7, N(Co–O) −2.8) and the low level of Pt oxygenation (N(Pt–O) −1.1) reflect
the ability to harnessing the surface oxygenation (Fig. 5.9b).

Remarkable catalytic activity and stability were obtained upon the formation of
NA − SONA catalysts, which is evidenced by the fact that T50−282 °C (Fig. 5.9c)
was lower than that of commercial Pt/Al2O3 catalystwith the same totalmetal loading
(T50–301 °C). The NA− SONA features superior stability, showing no indication of
deactivation after 800 °C hydrothermal aging (T50–277 °C, 1.0 wt%) while a decay
of catalytic activity over Pt catalysts is evidenced by an increase of T50 to 332 °C
after aging (Fig. 5.9c). For further in-depth exploration of the catalytic synergy,
in situ/operando time-resolved studies, including HE-XRD/PDF and DRIFTS,
revealed largely irregular oscillatory kinetics associated with the dynamic lattice
expansion/shrinking and ordering/disordering processes. The coupling of a partial
positively charged Pt with the oxyphilic Ni–O and Co–O species was shown to play
an important role in the active surface for the cleavage of carbon–carbon bonds of the
adsorbed propane and the effective removal of reaction intermediates on the surface.
The refinement of the surface oxygenation strategy may lead to a paradigm shift in
the design of active and stable catalysts for catalytic oxidation reactions.

5.5 Summary

The explorations of multimetallic nanoparticle catalysts and electrocatalysts have
generated significant insights into the dynamic nature of core–shell and alloy struc-
tures, which plays an important role in the catalytic and electrocatalytic synergies.
The core–shell and alloy phase structures are shown to undergo dynamic evolution
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�Fig. 5.9 a Aberration-corrected HAADF-STEM images (left) for as-synthesized PtnNimCo100-n-m
(n = 42, m = 39) and a representative HR-TEM of PtNiCo − PtNiOCoO/Al2O3 (1.0 wt%), scale
bar = 2 nm. b Surface oxygenation of a ternary alloy catalyst: Top-left panel: illustrations of a
fully deoxygenated state and the surface-oxygenated states of two different oxygenation degrees
under the indicated conditions; Top-right panel: the corresponding fcc lattice parameter changes
underdetermined by in situ HE-XRD/PDF analysis; Bottom-left panel: the corresponding M–O
coordination number determined by ex situ EAXFS spectral analysis; c Plot of propane conversion
over the ternary catalyst derived from PtNiCo − PtNiOCoO/Al2O3 (1.0 wt%, black) and Pt/Al2O3
(1.0wt%, red): freshly prepared (solid curve), and hydrothermally aged under 10%CO2 + 10%H2O
+ N2 at 800 °C for 16 h (dash curve). Values of T50 (i.e., the temperature at which 50% conversion
is achieved) are indicated in the plots. Reproduced with permission from ref. [40] Copyright 2020
Nature Publishing Group

under electrochemical potential cycling in electrolyte-phase reactions or under gas-
phase oxidation conditions. The in-depth understanding of the atomic-scale details
in the dynamic evolution is crucial for controlling the core–shell structures, which
requires advanced in situ/operando investigations with the aid of computational
modeling. Such investigations will provide new insights into the design of active,
selective, robust, and low-cost PGM catalysts for a wide range of applications in the
field of heterogeneous catalysis.
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Chapter 6
Fabrication of Core–Shell Structured
Metal Nanoparticles@Metal–Organic
Frameworks for Heterogeneous Thermal
Catalysis

Guodong Li and Zhiyong Tang

6.1 Introduction

It is well known that catalysis is an old but evergreen field, now accounting for
over 90% of chemical processes and 60% of chemical production in the world [1].
Typically, supported metal nanocatalysts have been widely studied in heterogeneous
catalysis [2, 3], because they not only combine the function of individual metal
nanoparticles (NPs), but also generate the unique synergetic propertieswith respect to
single components. Traditionally, these composites are easily prepared via different
methods such as impregnation, coprecipitation, and deposition–precipitation. The
obtained products are characteristic ofmetalNPs dispersed on the surface of supports,
in which metal NPs have high surface energy and tend to migrate and aggregate into
larger particles, thus leading to loss of the unique properties of the original metal
NPs [4]. To address above, metal NPs encapsulated by diverse supports with core-
shell structures is recognized as one of the effective strategies, because they possess
great potential for not only avoiding migration and aggregation of metal NPs but also
generating the uniform and well-defined interfaces between metal cores and porous
shells [5].

Among various porous supports such as carbon, metal oxides, and zeolites,
metal-organic frameworks (MOFs) [6], also known as porous coordination poly-
mers (PCPs), which are synthesized by self-assembly of metal ions or clusters with
ditopic or polytopic organic linkers, have being attracted wide interest in heteroge-
neous catalysis, due to their intriguing features including extraordinarily large surface
area, tunable pore dimensions, diverse metal nodes, and adjustable organic linkers
[7]. Moreover, the uniform cavities with long-range order of MOFs could effectively
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promote the mass transfer and diffusion of substrates and products with respect to
traditional porous supports, and thus MOFs possess great potential to encapsulate
metal NPs with core–shell typed structures as emerging catalysts. In addition, the
encapsulated structure enables the maximized interfaces between metal NPs and
MOFs, thus generating the strong electronic transfer between them and exhibiting
the intriguing properties for catalysis, even for selective catalysis [8, 9].

6.2 Synthesis of Core–Shell Metal NPs@MOF Catalysts

The core-shell structured metal NPs@MOF catalysts have been widely studied and
the developed synthesis strategies can be simply divided into the following two
categories (Fig. 6.1) [8, 10]: (1) Metal NPs are confined into the cavities or channels
ofMOFmatrix via ship-in-a-bottle approach; (2)MetalNPs are surrounded byMOFs
via bottle-around-ship approach.

6.2.1 Metal NPs Confined in the Cavities or Channels
of Host MOFs

To date, “ship-in-a-bottle” approaches including impregnation, coprecipitation, and
deposition–precipitation are developed to encapsulate metal NPs by porous MOFs
[11, 12], but it is difficult to realize the precise control of the position of metal NPs
inside the host MOFs, and metal precursors often partially deposit on the external
surface of MOFs to form aggregated counterparts. To effectively make metal NPs
inside MOFmatrix and prevent them from aggregation, the double-solvent approach
has been developed as one of the effective “ship-in-a-bottle” ways [13], in which
aqueous solution of equal or less than pore volume was absorbed into the hydrophilic

Fig. 6.1 Schematic route for the synthesis of metal NPs encapsulated by MOFs. a Ship-in-a-bottle
method. b Bottle-around-ship method
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pores of MOFs by capillary force, while an excess of organic solvent hexane was
introduced to limit the metal precursors absorbed on the external surface of MOFs.
After that, these samples were further dried, followed by reduction or heat treatment.

Xu et al. first developed a double-solvent approach to synthesize core–shell
Pt@MIL-101(Cr) accompanied with hydrogen as reductant (Fig. 6.2) [13]. The
obtained 1.8 nmPtNPs exposedwith (111) facetswere small enough to be accommo-
dated in the mesoporous cavities of MIL-101(Cr). Electron tomographic reconstruc-
tion clearly demonstrated the uniform distribution of Pt NPs throughout the interior
cavities of MIL-101(Cr). Chen et al. synthesized mesoPd@NUS-6(Hf), in which a
Pd2+ precursor at different concentrations was encapsulated in a microporous MOF
modified with sulfonic acid group, NUS-6(Hf), via a double-solvent method, and
then the Pd2+ was subjected to reduction by NaBH4, yielding uniformly hierarchical
porous mesoMOFs loaded with Pd NPs [14]. Moreover, the mesopore content could
be controlled by modulating the Pd loading. 3.5 nm Pd NPs with exposed (111)

Fig. 6.2 a Scheme for the synthesis of Pt NPs inside MIL-101(Cr) matrix using double-solvent
method. b TEM images and c reconstructed slice by tomography of Pt@MIL-101(Cr) [13].
Copyright 2012, American Chemical Society



86 G. Li and Z. Tang

facets were well dispersed within the NUS-6(Hf), indicating the successful encap-
sulation of Pd NPs within the mesopore. Jiang et al. employed UiO-66 with alter-
able linker groups to encapsulate Pd NPs via the ultrasound-assisted double-solvent
approach (DSA), affording Pd@UiO-66-X (X = H, OMe, NH2, 2OH, 2OH(Hf))
[15]. All the Pd@UiO-66-X samples well inherit the structure from UiO-66, but do
not show any diffraction peak for Pd NPs, suggesting that Pd NPs could be small.
The Pd contents in Pd@UiO-66-X are in the range of 2.13–2.84 wt%. Meanwhile,
all the Pd@UiO-66-X catalysts show similar pore size distributions, making them
ideal candidates to investigate the influence of chemical environment. In addition,
the photoreduction is greener and milder, which is more favorable for preserving
the MOF framework. Li et al. synthesized core–shell Pd@NH2-UiO-66(Zr) via a
double-solvent impregnation method coupled with the photoreduction process [16].
1.2 nm Pd NPs smaller than the pore size of NH2-UiO-66(Zr) were highly dispersed
in Pd@NH2-UiO-66(Zr), indicating that Pd NPs were confined in the cavities of
NH2-UiO-66(Zr).

Alloy NPs could be surrounded with MOFs by adding different metal precursors
assisted with the coreduction method. Xu et al. developed the double-solvent method
coupled with a liquid-phase concentration-controlled reduction strategy to immobi-
lizeAuNiNPswithinMIL-101(Cr) [17].When a high-concentrationNaBH4 solution
(0.6 M) was used, 1.8 nm AuNi NPs were located within the pores of MIL-101(Cr).
However, under moderate reduction condition, agglomeration of larger metal NPs
on the external surface of MIL-101(Cr) was observed. Similarly, an aqueous solu-
tion of Ni(NO3)2 and Cu(NO3)2 was dropwise pumped into the hexane containing
the suspended MIL-101(Cr), and subsequently, they were reduced by NH3BH3 to
give CuNi@MIL-101(Cr), where ~3 nm CuNi NPs with a lattice fringe distance of
0.21 nm were observed [18]. Jiang et al. synthesized Pt1Cu2@MIL-101(Cr) via the
double-solvent and H2 reduction method. The obtained products are characteristic
of 0.5 wt% Pt1Cu2 NPs of 1.7 nm in diameter encapsulated by MIL-101(Cr) [19].
No agglomerated large Pt1Cu2 NPs were observed, indicating that Pt1Cu2 NPs were
highly dispersed and embedded inside the MIL-101(Cr) pores. In addition, Huang
et al. prepared the ultrafine Pt nanoclusters of 1.4 nm encapsulated in NH2-UiO-
66(Zr), Pt@NH2-UiO-66(Zr), through a 200 °C reduction in H2 [20]. After that, an
ethanolic solution of Sn2+ was impregnated into Pt@NH2-UiO-66(Zr) based on the
Pt content of 3.9wt%. After another gas-phase reduction at 200 °C, PtSn@NH2-
UiO-66(Zr) characteristic of 1.6 nm PtSn NPs was obtained. The Pt 4f XPS spec-
trum showed two peaks of metallic Pt0 at 71.3 eV (4f 7/2) and 74.9 eV (4f 5/2) for
Pt nanoclusters confined in NH2-UiO-66(Zr). As for PtSn@NH2-UiO-66(Zr), the
peaks corresponded to Pt0 binding energy shifted by less than 0.2 to 71.1 eV. This
slight shift in the binding energy indicated the electron transfer from Sn to Pt in
forming PtSn nanoclusters.

Altogether, using double-solvent approach effectively realizes the complete
encapsulation of metal NPs inside the hydrophilic cavities or channels of MOFs.
Nevertheless, it is still challengable to tune the morphology, composition, and spatial
distribution of metal NPs inside MOFs.
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6.2.2 Metal NPs Surrounded by MOFs

The “bottle-around-ship” approach is widely used to achieve the effective encap-
sulation of metal NPs by porous MOFs [18]. Generally, this strategy involves two
steps. First, metal NPs with well-defined morphologies are prepared. Second, the
metal NPs are mixed with the precursor solution of a MOF together to form the
core-shell structure. The key issue is to develop the effective strategies to balance the
heterogeneous nucleation and controllable growth of MOFs onto metal NP surface
against self-aggregation and homogenous growth.

6.2.2.1 Surfactant/Ligand Molecules Induced Encapsulation

Ligands and/or surfactantmolecules can be used as a bridge betweenMOFs andmetal
NPs to form core-shell nanostructures. Generally, ligand and/or surfactant molecules
could reduce aggregation of metal NPs in solution via introducing additional charge
and/or steric repulsion, because the precursors for synthesizing MOFs are usually
the soluble forms of metal salts, which could shield the charge repulsion among
metal NPs to promote their aggregation [5]. For example, Tang et al. dissolved
the precursors Zn(NO3)2 and 2-amino terephthalic acid (NH2-H2BDC) in the
double solvents containing polyvinylpyrrolidone (PVP), N, N-dimethylformamide
(DMF) and ethanol, followed by addition of PVP-stabilized Pd NPs and subse-
quent solvothermal treatment to prepare the uniform core–shell Pd@IRMOF-3(Zn)
nanostructures characteristic of a Pd NP core of about 35 nm in diameter and a
uniform IRMOF-3(Zn) shell of about 145 nm in thickness (Fig. 6.3a) [21]. During
the synthesis process, PVP not only functionalized as the stabilizer to make the Pd
NPs well dispersed, but also provided the affinity to adsorb IRMOF-3(Zn) precur-
sors onto the Pd NP surfaces. Similarly, Tang et al. synthesized core–shell Ag@ZIF-
8(Zn) nanowires using a two-step synthesis method [22], in which the PVP-capped
Ag nanowires were rather uniform diameters of 90–120 nm (Fig. 6.3b). Further-
more, Yaghi et al. synthesized core–shell Cu@UiO-66(Zr) composites, in which
a single PVP-stabilized Cu NP of ~18 nm in diameter was uniformly surrounded
by UiO-66(Zr) (Fig. 6.3c) [23]. Also, Tsung et al. introduced cetyltrimethylam-
monium bromide (CTAB) to bridge the metal NPs and ZIF-8(Zn) and to facilitate
the controlled alignment (Fig. 6.3d) [24]. The obtained core–shell metal NP@MOF
nanocomposites were composed of single shape-controlledmetal NP encased in ZIF-
8(Zn), and an alignment between the (100) planes of the Pd NPs and (110) planes
of the ZIF-8(Zn) was discerned. Further, Fairen-Jimenez et al. first dispersed the
isolated Zr-O clusters in a mixture of DMF and acetic acid, and then the PEG-
stabilized AuNRs (AuNR@PEG-SH) were added into this suspension, resulting
in a deep red mixture of DMF and acetic acid [25]. Under vigorous stirring, an
H4TBAPy-linker solution was added into DMF and stirred the solution overnight to
get the AuNR@NU-901(Zr). The formation of core-shell structures was ascribed to
the interactions between PEG and the MOF precursors. Nearly all AuNRs were in
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Fig. 6.3 TEM images of a Pd@IRMOF-3(Zn) [21], Copyright 2014, American Chemical Society,
b Ag@ZIF-8(Zn) [22], Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, c
Cu@UiO-66(Zr) [23], Copyright 2016, American Chemical Society and d Pd@ZIF-8(Zn) [24],
Copyright 2014, American Chemical Society

the center of the crystallite and had a parallel orientation with respect to the principal
prolate axis. Pérez-Juste et al. developed a general strategy for the encapsulation of
individual quaternary ammonium surfactant-stabilized metal nanoparticles with the
ZIF-8(Zn) [26]. The method can be readily applied to metal particles with arbitrary
morphologies, such as gold nanorods, gold nanostars, and gold nanospheres. The
hydrophobic hydrocarbon chains of CTA+ molecules adsorbed on metal surfaces
can readily complex with MOF crystals, thus inducing ZIF-8(Zn) nucleation and/or
adsorption and further growth on the metal surface.

Different from single metal NP core, multiple metal NPs can be randomly encap-
sulated by porousMOFs via the time and sequence of adding the as-synthesizedmetal
NPs into the precursors of MOFs. For example, Huo et al. developed PVP-capped
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nanostructures of various sizes, shapes, and compositions being enshrouded by ZIF-
8(Zn) at room temperature, such as Au (13 nm), Pt (2.5, 3.3, and 4.1 nm), and Ag
cubes (160 nm) [27]. Similarly, a series of MOF-based nanocomposites including
Pt@UiO-66(Zr), Pt@MIL-53(Al), Pt@ZIF-8(Zn), Pt@ZIF-67(Zr), and Pd@UiO-
66(Zr) were obtained [28–30]. Kitagawa et al. synthesized PVP-stabilized Pt NCs
of 8 nm as the seeds and then mixed with ZrCl4, H2BDC, and acetic acid in N,
N-dimethylformamide (DMF) to form Pt@UiO-66(Zr), which was characteristic of
several Pt NCs as core and UiO-66(Zr) with different functional groups [31]. The
loadings of Pt included in Pt@UiO-66-H, Pt@UiO-66-H(Hf), Pt@UiO-66-Br, and
Pt@UiO-66-Me2 were estimated to be 6.7, 4.6, 5.3, and 5.9 wt%, and the average
particle sizes of Pt NCs for Pt@UiO-66-H, Pt@UiO-66-H(Hf), Pt@UiO-66-Br, and
Pt@UiO-66-Me2 were estimated to be 7.9, 8.0, 8.1, and 8.0 nm, respectively. More-
over, they also synthesized the Pd@UiO-66(Zr) characteristic with Pd NPs of 8 nm
in diameter and 1 wt% loading [32]. This synthesis strategy realizes the effective
encapsulation of metal NPs by porous MOFs; however, the local position of metal
NPs is hard to be controlled.

To effectively control the local position of multiple metal NPs inside MOFs,
sandwich structured composites were developed, in which the synthesis procedure
involves synthesis of a MOF core, followed by adsorption of surfactant-stabilized
metal NPs, and the subsequent overgrowth of a MOF shell on the MOF core. Tang
et al. synthesized ~2.8 nm Pt NPs sandwiched by MIL-101 containing metal nodes
of Fe3+, Cr3+, or both (Fig. 6.4) [33]. Octahedral MIL-101(Fe) of ~296 nm and
MIL-101(Cr) of ~243 nm were synthesized under solvothermal conditions. Then,
PVP-stabilized Pt NPs of ~ 2.8 nm in diameter were homogeneously absorbed onto
MIL-101(Fe) or MIL-101(Cr). Finally, the sandwich structures were synthesized
by coating another MIL-101(Fe) shell with different thicknesses on as-synthesized
supported catalysts, such as MIL-101(Fe)@Pt@MIL-101(Fe) with the shell thick-
ness of ~9.2 and ~22.0 nm, MIL-101(Cr)@Pt@MIL-101(Cr) with the shell thick-
ness of ~5.1 nm, and MIL-101(Cr)@Pt@MIL-101(Fe) with the shell thickness of
~2.9 and ~8.8 nm. Furthermore, this synthesis strategy was applied to construct a
series of sandwich structures by different MOFs such as UiO-66(Zr), UiO-67(Zr),
MOF-74(Co), andMOF-525(Zr) [34]. Obviously, this synthesis strategy allows good
control of the location of the metal NPs in MOF matrix, and the shell composition
and thickness can be easily tuned by adjusting themetal precursors and reaction time.

6.2.2.2 Self-template Induced Encapsulation

Self-template direct method is another strategy to encapsulate metal NPs by porous
MOFs, that is, the local parts of the metal or alloy NPs are dissolved into metal ions
that can be used as metal source to coordinate with the organic linkers and produce
MOFs around the left metal NPs. The key issue is how to effectively balance the
etching rate of local position of metal NPs and the formation rate of MOF shells in
order to avoid the self-nucleation and growth of MOFs.
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Fig. 6.4 Sandwich MIL-101@Pt@MIL-101 nanostructures. a Synthetic route for sandwich
MIL-101@Pt@MIL-101. b, d TEM images of MIL-101(Fe)@Pt@MIL-101(Fe)22.0 and MIL-
101(Fe)@Pt@MIL-101(Fe)9.2. c, e HRTEM images of MIL-101(Fe)@Pt@MIL-101(Fe)22.0 and
MIL-101(Fe)@Pt@MIL-101(Fe)9.2. Insets: corresponding Fast Fourier transform (FFT) images of
MIL-101(Fe)@Pt@MIL-101(Fe) and HRTEM image of Pt NPs [33]. Copyright 2016, Springer
Nature
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Zhang et al. synthesized the octahedron and flower Pt-Cu@HKUST-1(Cu) under
a microwave irradiation condition within only 30 min [35]. During the synthesis
process, as-prepared Pt-Cu alloys underwent oxidative dissolution at the presence
of Fe3+ ions following the pathway of Cu0 + Fe3+ → Cu2+ + Fe2+ and 4Fe3+ +
6Cl− + Pt → 4Fe2+ + PtCl62− [36]. Pt is a relatively inert element compared to
Cu, and thus, the former reaction occurs more easily than the latter, thus leading to
many Cu2+ ions on the surface of Pt-Cu NPs. The formed Cu2+ ions reacted with
trimesic acid for in situ growth of HKUST-1(Cu) around the alloy NPs. The obtained
productswere characteristic of octahedron andflower Pt-Cu core of 43.0 and 47.5 nm,
respectively, and HKUST-1(Cu) shell of less than 25 nm. Similarly, Pt-Ni alloy NPs
were adopted to construct core–shell Pt-Ni@MOF-74(Ni) nanostructures via in situ
etching and coordination synthetic strategy [37]. Li et al. prepared Ni-rich Pt-Ni
alloy with average size of ~ 20 nm and uniform truncated octahedral morphology.
The PVP-capped Ni-rich Pt-Ni NPs were submersed in DMF solution to form a
turbid solution, followed by adding a solution of 2,5-dioxidoterephthalate to form
well-defined MOF-74(Ni) weaved on the surface of Pt-Ni nanoframes.

6.2.2.3 One-Pot Approach

One-pot synthesis method has been aroused great interest in constructing the core–
shell metal NPs@MOFs, due to the reduced production procedures and ease of
scaling up. However, it is more challengeable to effectively balance the simultaneous
nucleation and growth of metal NP core and MOF shell together with the hetero-
geneous nucleation and growth of MOFs around metal NPs, because the specific
experimental conditions are required to balance the heterogeneous nucleation and
growth of MOFs around metal NPs.

Tang et al. prepared the core–shell Au@MOF-5(Zn) nanocomposites character-
istic of a single Au NP core coated with a uniform MOF-5(Zn) shell by directly
mixing the precursors of HAuCl4, Zn(NO3)2·6H2O and H2BDC in the reaction solu-
tion containing PVP, DMF, and ethanol [38]. Moreover, the formation rates of Au
NPs and MOF-5(Zn) in the mixture solution could be tuned effectively. The shell
thickness was controlled from 3.2 to 69 nm,while the diameter of AuNP cores varied
from 54 to 30 nm, and correspondingly, the sizes of the core–shell Au@MOF-5(Zn)
were tuned from 60 to 156 nm. In addition to single metal NP core, multiple metal
NPs can be encapsulated by MOFs using one-pot method. Li et al. developed a
facile one-pot method for synthesis of Pd@UiO-67(Zr) nanocomposites by directly
dissolving the precursors of Pd(NO3)2, ZrCl4, and 2,2′-bipyridine-5,5′-dicarboxylic
acid with the reducing agent NH3BH3 in DMF solvent [39]. The obtained products
were characteristic of Pd NPs of 3.2 nm homogeneously distributed inside UiO-
67(Zr). Also, Li et al. reported a simple one-step protocol to encapsulate Pd NPs
insideUiO-67(Zr) through a temperature control program [40]. This process involved
in situ PdCl2(CH3CN)2 incorporation in the mixture of ZrCl4, 2,2′-bipyridine-5,5′-
dicarboxylate, DMF, and HCl at 80 °C and on-site moderate reduction process to



92 G. Li and Z. Tang

fabricate Pd NPs at an elevated temperature of 130 °C. The initial in situ incorpo-
ration of metal precursors, in which assembly of UiO-67(Zr) and encapsulation of
metal precursor were achieved simultaneously, could allow the Pd precursors to be
homogeneously distributed inside the pores of the UiO-67(Zr). As-reduced 1.5 nm
Pd NPs with (111) facet exposed were highly dispersed in UiO-67(Zr).

6.3 Catalytic Performances of Core–Shell Metal
NPs@MOF Catalysts

Generally, core–shell typed metal NPs@MOFs own the well-defined interfaces
between core and shell, strong interfacial interaction as well as good thermal and
chemical stability with respect to tranditional supported catalysts. These distinct
properties have great potential to show the extraordinary catalytic performances,
especially for selective catalysis. In the following, we mainly focus on discussion
of various catalytic applications of core-shell structures as well as the relationships
among the composition, structure, function synergy, and catalytic performances.

6.3.1 Molecular Sieving Effect of MOFs for Selective
Catalysis

Regio- and stereo-selectivity is a key issue involved inmany industrial heterogeneous
catalysis. Due to the highly versatile and tunable pore structure of MOFs, the core–
shell metal NP@MOF catalysts are particularly appealing to integrate metal NP
functionality with the molecular sieving effect of MOFs to achieve size-selective
catalysis [41].

Huo et al. reported the Pt@ZIF-8(Zn) as catalysts for liquid-phase hydrogena-
tion of n-hexene versus cis-cyclooctene by considering the catalytic properties of Pt
NPs and the molecular sieving capability of ZIF-8(Zn) matrix [27]. Pt@ZIF-8(Zn)
catalyzed the hydrogenation of n-hexenewith a conversion of 7.3%, but no propensity
was found for hydrogenation of cis-cyclooctene, which was consistent with the small
portal size for ZIF-8(Zn) (3.4 Å). Moreover, Pt@UiO-66(Zr) nanocomposites were
used as catalysts for liquid-phase hydrogenation of different sized olefins including
hex-1-ene (2.5 Å), cyclooctene (5.5 Å), trans-stilbene (5.6 Å), triphenylethylene
(5.8 Å), and tetraphenyl ethylene (6.7 Å). The complete conversion of hex-1-ene
molecules was obtained after 24 h reaction. With increasing the size of substrates,
the conversion was decreased significantly and corresponding value was 66% for
cyclooctene, 35% for trans-stilbene, 8% for triphenylethylene, and 0% for tetraphenyl
ethylene. It is noted that the encapsulation of metal NPs inside MOFs provides an
alternative way to achieve size-dependent selective catalysis. Also, selective hydro-
genation of C = O groups versus C = C groups in citronellal was investigated by
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using Pt@MOFswith different pore environments including ZIF-8(Zn), ZIF-67(Co),
andUiO-66(Zr) [29]. The selectivity to citronellol was > 99% for both Pt@ZIF-8(Zn)
and Pt@ZIF-67(Co), which was much higher than 6.69% by Pt@UiO-66(Zr). These
were ascribed to the small-size channels of Pt@ZIF-8(Zn) and Pt@ZIF-67(Co).
Moreover, Huo et al.modified the as-prepared Pt@NH2-UiO-66(Zr) with three anhy-
drides including acetic anhydride, butyric anhydride, and hexanoic anhydride, and
the resulting composites were denoted as Pt@UiO-66(Zr)-AM1, Pt@UiO-66(Zr)-
AM3 and Pt@UiO-66(Zr)-AM5, respectively, where the numbers stood for attached
carbon chain length [42].Aftermodification, noobvious changes inmorphologywere
observed. The catalytic selectivity of these four samples was tested in liquid-phase
hydrogenation of triphenylethylene, trans-stilbene, and cyclooctene. All the four
composites showed barely no catalytic activity for hydrogenation of triphenylethy-
lene, indicating that the size of triphenylethylene molecules exceeds the pore aper-
tures of NH2-UiO-66(Zr) and the modified samples, namely, C = C double bonds
could not contact with Pt NPs encapsulated inside MOFs. Being smaller in size
than triphenylethylene (10.71 Å × 8.76 Å × 6.48 Å), trans-stilbene (11.65 Å ×
5.06 Å) can be diffused into the MOF composites and then be hydrogenated. With
lengths of the attached functional groups increased, conversions of trans-stilbene
were reduced from 49 to 4% due to the retarded diffusions of trans-stilbene into
micropores. Besides, hydrogenation of cyclooctene (5.29 Å × 5.21 Å × 3.55 Å)
showed a similar trend.

Besides, MOFs with tunable pore structures might show the pore-dependent
activity and selectivity for catalytic complex reactions including several possible
reaction pathways. For example, Somorjai and Yaghi et al. encapsulated as-prepared
multiple Pt NPs of 2.5 nm by UiO-66(Zr) for gas-phase hydrogenation of methylcy-
clopentane (MCP) compared with the contrast samples including pure UiO-66(Zr),
Pt-on-UiO-66(Zr), and Pt-on-SiO2 (Fig. 6.5) [43]. It should be pointed out that gas-
phase hydrogenative conversion of MCP is relatively complex and it could carry out
via five possible reaction pathways as follows. (I)MCP is converted into the dehydro-
genated version of MCP. (II) MCP is ring-opened and isomerized into isomers. The
C5-cyclic ring of MCP is further enlarged to C6-cyclic hydrocarbons through ring-
enlargement reaction followed with (III) hydrogenation or (IV) dehydrogenation to
produce cyclohexane or benzene, respectively. The last reaction pathway is cracking
to produce C1-C5-based hydrocarbons that are undesired products in this reaction.
(V) Catalytic results showed that no catalytic activity was found for pure UiO-
66(Zr). Dehydrogenation and isomerization with selectivity of 18.2% and 81.8%
were achieved by Pt-on-SiO2, respectively, while as for Pt-on-UiO-66(Zr) catalyst,
they catalyzed both dehydrogenation and isomerizationwith selectivity of 33.1% and
66.9%, respectively. Differently, Pt@UiO-66(Zr) showed C6-cyclic hydrocarbon (>
60%) as main products with selectivity of 22.2% for cyclohexane and 41.2% for
benzene. It should be pointed out that C6-cyclic hydrocarbons were noteworthy for
Pt@UiO-66(Zr) at 150 °C, while benzene might be produced over Pt-on-SiO2 at the
higher reaction temperature above 250 °C. These indicated that confinement of Pt
NPs in UiO-66(Zr) contributed to decrease of the activation energy for formation of
C6-cyclic hydrocarbons.
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Fig. 6.5 a Schematic reaction diagram of hydrogenative conversion of MCP. TEM images of b
UiO-66(Zr), c Pt@UiO-66(Zr) and (d) Pt-on-UiO-66(Zr) [43]. Copyright 2014,AmericanChemical
Society

Altogether, the ordered and tunable pore structures of MOF provide the effective
strategies for achieving regio-selective reactions, even for changing the reaction
pathways.

6.3.2 Synergistic Effect Between Metal NPs and Unsaturated
Metal Nodes in MOFs for Catalysis

Generally, MOFs could strongly affect the catalytic activity and selectivity of metal
NPs via substrate adsorption or charge transfer. MOFs usually possess abundant
coordinatively unsaturated metal nodes, which are used as Lewis acid sites and
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interact with metal NPs to achieve the intriguing and synergistic functions with
respect to single counterparts.

Selective hydrogenation of the C = O group against the conjugated C = C group
in α, β-unsaturated aldehydes (R-CH = CH-CHO, (A) is an indispensable choice
to produce the unsaturated alcohol (R-CH = CH-CH2OH, (B). However, hydro-
genation of the C = O group is thermodynamically unfavored when compared
to the conjugated C = C group, and the final products would be a mixture of B,
hydrocinnamaldehyde (R-CH2-CH2-CHO, (C), and phenyl propanol (R-CH2-CH2-
CH2OH, (D). Until now it is still challengeable to realize high-performance catalysis.
To address above, Tang et al. showed a new approach utilizing MOFs as selec-
tivity regulators for hydrogenation of thermodynamic unfavorable C = O bond in
α, β-unsaturated aldehydes by sandwiched Pt NPs [33]. The enabling heteroge-
neous catalysts, where Pt NPs of 2.8 nm in diameter were sandwiched by MIL-101
containing metal nodes of Fe3+, Cr3+, or both. At the same conversion efficiency of
cinnamaldehyde (~45%), no noticeable hydrogenation of cinnamaldehyde by MIL-
101 was observed. Contrastingly, hydrogenation of cinnamaldehyde by Pt NPs was
achieved with a turnover frequency (TOF) of 372.4 h−1, but with only ~18.3% of the
desired cinnamyl alcohol. Differing from bare Pt NPs and MIL-101, MIL-101@Pt
nanostructures exhibited the dramatically increased selectivity of cinnamyl alcohol
with 86.4% for MIL-101(Fe)@Pt and 44.0% for MIL-101(Cr)@Pt, indicating that
MIL-101 remarkably promoted selective hydrogenation of the C = O bond. More
importantly, sandwichMIL-101@Pt@MIL-101was considered as the ideal catalysts
for selective hydrogenation of cinnamaldehyde to cinnamyl alcohol. As for coating
MIL-101(Cr)@Pt or MIL-101(Fe)@Pt with MIL-101(Fe) shells, all the selectivi-
ties were higher than 94%. Furthermore, smaller-sized α, β-unsaturated aldehydes
including acrolein (0.69 × 0.51 nm) with no substituents on C = C bond, branched
3-methyl-2-butenal (0.79 × 0.60 nm), and furfural (0.81 × 0.64 nm) with a furan
ring were hydrogenated by MIL-101@Pt@MIL-101 with the preferential selective
hydrogenation of C=O group compared to C=C group. These were ascribed to the
preferential interaction of coordinatively unsaturated metal sites in MOFs with the
C = O group, which could turn the thermodynamically unfavorable hydrogenation
on C = O group by the embedded Pt NPs into a favored reaction. To further enhance
the catalytic activity along with excellent selectivity and good stability, MIL-101
shell was replaced by conjugated micro- and mesoporous polymers with iron(III)
porphyrin (FeP-CMPs) to fabricate MIL-101(Cr)@Pt@FeP-CMP, the environment
of Pt NPs was succeeded in modifying, and it is not only hydrophobic and porous
for enriching reactants, but also possesses Fe sites to activate C = O bonds, thereby
regulating the selectivity for cinnamyl alcohol in the hydrogenation of cinnamalde-
hyde [44]. More importantly, MIL-101(Cr)@Pt@FeP-CMP sponge could achieve a
high TOF value of 1516.1 h−1 with 97.3% selectivity for cinnamyl alcohol at 97.6%
conversion.

Also, the synergistic effect between metal NPs and coordinatively unsaturated
metal nodes in MOFs together with the pore confinement effect is of vital impor-
tance for catalysis. For example, Yaghi and Somorjai et al. synthesized the core–shell
Cu@UiO-66(Zr) composites characteristic of a single PVP-stabilized ~ 18 nm Cu
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NP as core and UiO-66(Zr) as the shell for CO2 hydrogenation at 175 °C and 10 bar
using CO2 and H2 in a 1:3 molar ratio along with Cu on UiO-66(Zr), Cu on ZrO2,
Cu/ZnO/Al2O3, Cu NPs on MIL-101(Cr) and Cu@ZIF-8(Zn) [23]. The initial TOF
value of methanol formation was 3.7 × 10–3 s−1 for Cu@UiO-66(Zr), 1.7 × 10–3

s−1 for Cu on UiO-66(Zr), 0.42 × 10–3 s−1 for Cu on ZrO2, and 0.45 × 10–3 s−1

for Cu/ZnO/Al2O3, but neither Cu NPs onMIL-101(Cr) nor Cu@ZIF-8(Zn) showed
catalytic activity. It is noted that Zr oxide or Zn oxidewas critical for CO2 hydrogena-
tion to methanol. Moreover, Cu@UiO-66(Zr) showed a twofold increase in activity
comparedwith Cu onUiO-66(Zr), disclosing that the excellent catalytic performance
of Cu@UiO-66(Zr) originated frommore active Cu sites created by surroundingwith
Zr oxide SBU and confinement effect of Cu NPs in UiO-66(Zr). XPS measurements
further indicated that the binding energy of Zr 3d5/2 for Cu on UiO-66(Zr) shifted
from 182.8 to 182.2 eV compared with pure UiO-66(Zr) and the strong interfacial
electron transfer between Cu NPs and Zr oxide nodes was present.

Altogether, the strong metal-support interactions between metal NPs and organic
chelates/metal-oxo clusters together with the pore confinement effect of MOFs
offer new opportunities in fine-tuning catalytic activity and selectivity of metal
NPs@MOFs along with good stability.

6.3.3 Synergistic Effect Between Metal NPs and Functional
Groups on MOFs

The chemical environment on the encapsulated metal NPs byMOFs could be studied
by tuning the organic linkers of MOFs via utilizing different building units or post-
modification of MOFs.

Jiang et al. developed the Pd@UiO-66-X with different functional groups for
catalyzing the hydrogenation of benzoic acid [15]. Catalytic results showed that
Pd@UiO-66-2OHpossessed the highest activity followed by Pd@UiO-66-2OH(Hf),
Pd@UiO-66-NH2, Pd@UiO-66-OMe, and Pd@UiO-66, in a decreasing order of
activity. Remarkably, the activity of Pd@UiO-66-2OH was around 14 times higher
than that of Pd@UiO-66(Zr). The distinct activity was not only ascribed to the
different electron transfer from Pd to the MOFs, but also due to the discriminated
substrate adsorption energy of Pd@UiO-66-X. In addition, to clarify the impact of
the functional groups on the reactivity of the H2O absorbed in UiO-66(Zr) analogues,
the water gas shift reaction (WGS, H2O + CO → H2 + CO2) was performed by the
Pt@UiO-66(Zr) analogues with a fixed-bed reactor [31, 45]. Pt@UiO-66-Br exhib-
ited a CO conversion of 21.1% at 340 °C, which was 1.7 times lower than that of
Pt@UiO-66-H (35.6%), demonstrating that functionalization of the BDC ligandwith
the -Br group reduced the WGS reaction activity. On the other hand, Pt@UiO-66-
Me2 exhibited a CO conversion of 59.7% at 340 °C, which was 1.7 times higher
than that of Pt@UiO-66-H. The functionalization with -Me2 caused an enhancement
of the reactivity. The trends of the reactivity (-Me2 > -H > -Br) were observed in a
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wide range of flow rates of H2O, demonstrating that the WGS reaction activity was
systematically controllable through functionalization of the BDC ligands.

In brief, the aromatic linkers in MOFs can establish charge transfer interactions
with metal NPs by coordination or π-π forces, thus generating the extraordinary
capability toward selective catalysis.

6.3.4 Integrating Metal NPs with MOFs for Multistep
Reactions

Multistep cascade catalysis has recently attracted significant attention in chemical
industries because they are extremely important for sustainable synthesis with lower
cost, fewer chemicals, and less energy consumptions.

The metal NPs and coordinatively unsaturated metal nodes in MOFs in the core-
shell structures are easily combined as the bifunctional catalysts for cascade reactions.
For example, Jiang et al. synthesized ~2.5 nm Pd@MIL-101(Cr) catalysts for the
synthesis of 2-(4-aminophenyl)-1H-benzimidazole (D) via tandem transformation
of acid catalysis and hydrogenation reaction (Fig. 6.6) [18]. In situ FT-IR spectra of
CO adsorption and NH3 temperature-programmed desorption (TPD) both confirmed
the presence of rich coordinatively unsaturated Cr3+ ions inside MIL-101(Cr) and

Fig. 6.6 (a) Illustration of the two-step tandem synthesis of 2-(4-aminophenyl)-1H-benzimidazole
(D) involving a Lewis acid-based catalytic process and subsequent Pd based hydrogenation. (b)
Solution color evolution during the reaction process. (c) Representative TEM image of Pd@MIL-
101 catalyst [18]. Copyright 2015, American Chemical Society
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Pd@MIL-101(Cr). When pure MIL-101(Cr) was used as catalyst, only product 2-
(4-aminophenyl)-1H-benzimidazole (B) was obtained. As for Pd@MIL-101(Cr),
the conversion rate of reactant 4-nitrobenzaldehyde (A) in the acid catalysis step
was almost 100% and the corresponding yield of D was 99%. As contrast, about
50% of the reactants were converted to C in the first step due to lack of acidity
when commercial Pd/C catalyst was used, and therefore the nitro group in both the
residual reactant and C were coreduced to corresponding amino group in the second
step. Furthermore, the core-shell structure showed that no deactivation occurred over
three runs. Therefore, the obtained Pd@MIL-101 behaved as a bifunctional catalyst
and presented excellent performance in tandem catalysis for the synthesis of target
product D.

The metal NPs and functional groups on MOFs have already been inte-
grated as bifunctional catalysts for tandem reactions. For example, the chem-
ical, 2-(4-aminobenzylidene)malononitrile (C), is known as a key intermediate
in synthesis of dyes and antihypertensive drugs. It is usually synthesized by
Knoevenagel condensation of 4-nitrobenzaldehyde (A) and malononitrile into
2-(4-nitrobenzylidene)malononitrile (B) via the alkaline catalysts, followed by
selective hydrogenation of -NO2 group of the intermediate products B to C
by metal NPs (Fig. 6.7). Based on the above, Tang et al. synthesized well-
defined core–shell Pd@IRMOF-3(Zn) nanostructures, in which a single Pd NP
of 35 nm in diameter was surrounded by uniform cubic-phase IRMOF-3(Zn)
with average pore size of ~1.03 nm [21]. In the composites, the IRMOF-3(Zn)
was used as the base catalyzing Knoevenagel condensation, while the Pd core
was adopted for subsequent catalytic reaction. The performance of core–shell
Pd@IRMOF-3(Zn) nanocomposites was evaluated using the cascade reactions along

Fig. 6.7 a Cascade reactions involving Knoevenagel condensation of A and malononitrile via the
IRMOF-3(Zn) shell, and subsequent selective hydrogenation of intermediate product B toC via Pd
NP cores. b TEM image of core–shell Pd@IRMOF-3(Zn). c Scheme of cascade reaction process
by core-shell structure [21]. Copyright 2014, American Chemical Society
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with the contrast sample supported Pd/IRMOF-3(Zn). Both Pd@IRMOF-3(Zn) and
Pd/IRMOF-3(Zn) could catalyze the cascade reactions, suggesting that integration
of Pd NPs and IRMOF-3(Zn) was an effective strategy to achieve the multifunc-
tional catalysis. As for Pd@IRMOF-3(Zn), the hydrogenation selectivity of B to C,
D, and E was 86%, 8%, and 6%, respectively; as a comparison, the corresponding
selectivity was 71%, 24%, and 5% for conventional Pd/IRMOF-3(Zn) catalysts. DFT
calculations revealed that reactant A was a linear molecule (1.03 × 0.72 nm), and
its selective conversion was substantially affected by the group-selective adsorption
on the catalyst surfaces. The -NH2 groups on the surface of IRMOF-3(Zn) showed
an energetically preferable interaction with the -NO2 groups of A, 7.83 kcal mol−1

lower than that of the C = O groups of A. Accordingly,A preferred entering into the
nanostructures with the -NO2 group ahead when the core–shell Pd@IRMOF-3(Zn)
hybrids were used as the catalysts, which would promote formation of target product
C. Furthermore, the core-shell structure displayed excellent catalytic stability, while
supported catalyst showed some activity decay during the recycle tests. To testify
the pore effect, both a shorter molecule, 4-nitro-1-butene (0.87 × 0.53 nm) as an
alternative for B, and a longer substrate, 4-nitrocinnamaldehyde (1.28 × 0.72 nm)
as a replacement for A, are utilized in the cascade reaction under the same condi-
tions. When the shorter is used, the selectivity of 4-amino-1-butane and 4-nitro-
1-butane is 56% and 44%, respectively; whereas the selectivity reaches 96% for
2-(3-(4-aminophenyl)allylidene)malononitrile when the longer is adopted. These
indicated that pore confinement effect also played an important role in achieving
high selectivity of the target product.

Huang et al. developed the core–shell Pd NPs@UiO-66(Zr) for aerobic reaction
between benzaldehyde and ethylene glycol, in which the functional groups on MOF
linkers were changed from -H to -NH2 or -OMe, denoted as Pd@UiO-66-X (X = H,
NH2, OMe) (Fig. 6.8) [46]. The obtained UiO-66-X had twomajor pores at 7–10 and
12Å,while PdNPswith an average size of less than 1.2 nmwere uniformly dispersed
in UiO-66-X. It should be pointed out that aerobic reaction between benzaldehyde
and ethylene glycol involves two steps: (i) condensation of benzaldehyde and ethy-
lene glycol to yield hemiacetal, and (ii) further condensation to yield corresponding
acetal or oxidation to yield ester. All of them could exhibit the high conversion rates
of ~99%, ~91%, and ~98%, respectively, but the product distribution was distinctly
different. Pd@UiO-66-NH2 gave the corresponding acetal, benzaldehyde ethylene
acetal (selectivity ~94%), as the major product, while Pd@UiO-66-H and -OMe
showed high selectivity (~90% and ~97%, respectively) to the corresponding ester,
2-hydroxyethyl benzoate. -NH2 groups coordinated to the Pd surface and donated
electrons to the Pd NPs in Pd@UiO-66-NH2 decreased the oxidation capability
of encapsulated Pd NPs and resulted in the high acetal selectivity. DFT calcula-
tions showed that the NH2-Pd NPs possessed higher chemical potential and weak-
ened oxidation capability with respect to the Pd-OMe NPs, which agreed with the
experimental results.

The integration of diverse metal nodes, functional organic linkers, and metal NPs
along with pore confinement effect into single core-shell nanostructure is capable of
more functions for multistep catalytic reactions. The key for achieving the excellent
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Fig. 6.8 a Aerobic reaction between benzaldehyde and ethylene glycol. b Product distribution
using Pd@UiO-66-X (X=H,NH2,OMe). Reaction conditions: benzaldehyde (0.1mmol), ethylene
glycol (1.5 mL), Pd/substrate 1/100, 1 atm O2, 90 °C, 10 h. c DRIFTS spectra of UiO-66-NH2 and
2.0wt%Pd@UiO-66-NH2. The inset shows the enlargedN–Hvibration region [46]. Copyright 2016,
American Chemical Society

catalytic efficiency should be dependent on the strong synergistic interactions among
them.

6.4 Summary and Outlook

This chapter summarizes the recent progresses in controllable encapsulation of metal
NPs by porousMOFswith core-shell structures aswell as their applications in hetero-
geneous catalysis. With the rapid development of synthesis chemistry, encapsula-
tion of metal NPs by porous MOFs has been successfully constructed via different
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strategies including double-solvent method, surfactant induced assembly, template-
assisted growth, and one-pot synthesis. Notably, when used as catalysts, they have
exhibited many unique advantages as follows: (1) Molecular sieving effect of MOFs
for selective catalysis. (2) Synergistic effect between active NPs and MOFs together
with the pore confinement effect. (3) One-potmultifunctional catalysis. (4) Enhanced
catalytic stability. The integration of inorganic and organic components together
with function synergy between MOFs and NPs provides endless possibility for
controllably constructing the desirable catalysts with atomically accurate structures.

Besides, it is still highly desirable for developing the novel and effective strategies
to encapsulatemetal NPs by porousMOFs, in which the sizes and shapes ofmetal NP
cores as well as the thicknesses and structures of the MOF shells could be effectively
tuned.Multifunctional propertiesmust be impartedwith the core-shell nanostructures
in order to target different catalytic reactions. Both in situ and ex situ characterization
techniques further need to be developed for revealing the catalyticmechanism.Mean-
while, theoretical calculations would provide the fundamental understanding on the
catalytic reactions. All the above will contribute to rational design and construction
of the core–shell typed metal NPs@MOFs at molecular level and realization of high
catalytic activity, excellent selectivity, and good stability in the future.
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Chapter 7
Powerful and New Chemical Synthesis
Reactions from CO2 and C1 Chemistry
Innovated by Tailor-Made Core–Shell
Catalysts

Yang Wang and Noritatsu Tsubaki

7.1 Introduction

Catalytic conversion of single carbon molecules (C1 catalysis) such as syngas, CO2,
and CH4, into valuable chemicals is a promising strategy to alleviate the pressure
of sustainable development, which mainly stems from the depletion of traditional
fossil fuels [1]. Syngas, as a mixture of CO and H2, is mainly produced from the
gasification of biomass, coal, shale gas, etc. The conversion of syngas has built
a bridge between non-petroleum-based feedstocks and high-value-added chemicals
synthesis [2].With the diminishing of the crude oil, the oriented conversion of syngas
to platform chemicals, such as light olefins (C2–C4) and aromatics, or liquid fuels,
such as gasoline (C5-C11 hydrocarbons), jet fuel (C8–C16 hydrocarbons), and diesel
fuel (C10-C20 hydrocarbons), has attracted more and more attention [3]. CO2, as
a greenhouse gas, has aroused several environmental issues (ocean acidification,
climate change, global warming, etc.) with the development of human society.
Thermo-catalytic CO2 hydrogenation with H2 supplied by water photo/electrolysis
is a sustainablemeans of reducing CO2 emissions [4]. Recently, the direct conversion
of CO2 to α-olefins has been realized by Fe-based catalyst, which seemed to be a
promising strategy for high-value-added utilization of inert CO2 molecule [5]. CH4,
as the major component of shale gas or natural gas, can be employed as feedstock
for commodity chemicals synthesis via catalytic technology, such as aromatics and
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methanol synthesis from CH4 catalyzed by Fe and Cu doped zeolites, respectively
[6]. As a highly energy-intensive fuel source, CH4 hydrate, also called flammable ice,
is thought to bring a revolutionary of energy source due to its huge reserves, which
are estimated to be larger than the total reserves of coal, crude oil, and shale gas. It is
no doubt that the successful commercial exploitation of CH4 hydrate will inspire the
catalytic transformation of CH4 to high-value-added chemicals. On the other hand,
CH4 is also a greenhouse gas, whose greenhouse effect is 25 times stronger than
that of CO2. The development of efficient CH4 conversion strategy is also mean-
ingful to eliminate the environmental concerns. Therefore, the above-mentioned
C1 molecules are playing more and more important roles not only in reducing the
over-dependence on non-renewable crude oil resources but also in eliminating the
environmental impact caused by the excessive greenhouse gas emissions.

The rational design of efficient catalysts and the discovery of powerful synthesis
reactions to boost the oriented conversion of C1 molecules to target products are
hot topics in the field of C1 catalysis. However, the traditional catalytic process of
syngas or CO2 molecule usually produced linear hydrocarbons due to the carbon-
chain growth mechanism. For example, the product distribution of Fischer–Tropsch
synthesis (FTs) for syngas conversion obeys the Anderson-Schulz-Flory (ASF) law
and subsequent hydrocracking or hydrorefining process is needed to upgrade the
heavy waxes. α-Olefins are the main products from CO2 hydrogenation process
catalyzed by alkali metal modified Fe-based catalysts due to the similar carbene
oligomerization mechanism with FTs reaction. To realize the direct conversion of
syngas and CO2 to target chemicals in a single-pass, the second catalytic component
is usually combined with the main active site to regulate the traditional product
distribution, which is the so-called tandem catalyst [7]. Even though several kinds
of tandem catalysts with two or more functionalities have been proposed to break
the selectivity limitation in syngas or CO2 conversion, the final products are strongly
dependent on the scales or intimacy modes of the different active sites. Therefore,
the rational design of the tandem catalyst with smart architecture and active site
arrangement is the key factor to realize the controlled synthesis from syngas or
CO2. Core–shell structured tandem catalyst has attracted great attention due to the
spatial confinement effect of the wrapping shell and the perfect combination mode
between different active components (Fig. 7.1) [8]. The distinctive functionalities
of the core and shell components guaranteed extraordinary catalytic performance of
the core-shell structured catalyst. In addition to the wide applications in syngas and
CO2 conversions, the core-shell structured catalyst also exhibited unique catalytic
performance in CH4 conversion. However, different from the tandem functionality
endowed by the core-shell structured catalyst for syngas and CO2 conversions, the
application of core-shell structured catalyst in CH4 conversion mainly depends on
the confinement effect for unique active site fabrication (single-atom catalyst) and
coke deposition suppression.

This chapter contributes to summarizing the innovations of core-shell structured
catalysts for C1 molecules conversion. The catalytic performances of C1 catalysis
processes are determined by the compositions, structures, and scales of the core-shell
structured catalysts. A deeper understanding of the reaction mechanism will guide
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Fig. 7.1 Core-shell structured catalysts for C1 catalysis

the rational design of highly efficient core–shell structured C1 catalysts to realize the
controlled synthesis.

7.2 Syngas Conversion by Core–Shell Structured Catalyst

7.2.1 Core–Shell Structured Capsule Catalyst

As mentioned in the introduction section, the traditional syngas conversion via FTs
process produces hydrocarbons with broad distributions. Acidic zeolites with unique
topologies and acidic properties were usually combined with the traditional FTs
catalysts (Fe, Co, and Ru) to control the product distribution in a single-pass via
the additional hydrocracking and isomerization reactions. The typical combination
mode of these two active sites is the loading of metallic FTs active sites onto the
acidic zeolite [9, 10]. Even though the supported method is the simplest approach
to fabricate the bifunctional catalyst, the selectivity of desirable C5+ hydrocarbons
is not high because of the over-hydrocracking reactions on the zeolite support that
has close intimacy with the metallic active sites, also because the metallic nanopar-
ticle inside the zeolite channel is too small to realize long-chain hydrocarbon growth.
Another method to construct the bifunctional catalyst is the physical mixing strategy.
However, the random arrangement of the two active sites leads to the incomplete
transformation of the long-chain hydrocarbons [11]. Tsubaki and co-workers estab-
lished a novel concept of capsule catalyst for the direct conversion of syngas to
gasoline-range hydrocarbons, in which the millimeter-sized FTs active core was
coated by a zeolite shell (Table 7.1) [12, 13]. In the early stage, the successful encap-
sulation of FTs catalyst was realized by an in-situ crystal growth strategy [14, 15].
However, the strong alkaline hydrothermal condition would destroy the FTs active
core, especially when SiO2 was employed as catalyst support. Therefore, researchers
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Table 7.1 Typical core–shell structured capsule catalysts for syngas conversion

Reaction Preparation
method

Core Shell Products Reference

Fischer–Tropsch
synthesis

In-situ growth
method

Co/SiO2 H-ZSM-5 isoparaffins [14, 15]

Co/Al2O3 H-Beta isoparaffins [19]

Fuse iron H-MOR isoparaffins [20]

Liquid-membrane
crystallization

Co/SiO2 H-Beta isoparaffins [17]

Dual-membrane
method

Fe/SiO2 Silicalite-1
& H-ZSM-5

isoparaffins [16]

Physical adhesion Co/SiO2 H-ZSM-5 isoparaffins [18]

Methanol-mediated
pathway

In-situ growth
method

CuZnAl H-ZSM-5 DME [21]

CuZnAl H-Beta LPG [22]

Dual-membrane
method

Pd/SiO2 Silicalite-1
& H-ZSM-5

DME or
LPG

[23, 24]

Physical adhesion CuZnAl SAPO-11 DME [25]

Zn-Cr SAPO-34 light olefins [26]

try to synthesize zeolite shell under the neutral condition to avoid the corrosion of
the core component. For example, one layer of Silicalite-1 was first synthesized on
the alkali-sensitive SiO2 supported Fe core catalyst under close-to-neutral condi-
tions. The formed Silicalite-1 shell could be employed as an armor layer to protect
the core component during the successive synthesis of the acidic H-ZSM-5 layer
under strongly alkaline conditions. Even though the CO conversion (54.8%) of the
dual-membrane capsule catalyst was slightly decreased compared with that of naked
core catalyst (59.5%) due to the partial coverage of the active Fe sites, the selectivity
of isoparaffins was dramatically enhanced from 12.9% to 29.8% after coating of
dual zeolite membranes. This enhanced isoparaffins selectivity was attributed to the
hydrogenation and isomerization of olefins (formed by the core catalyst Fe/SiO2) in
the confinement space constructed by the dual zeolite membranes [16]. Interestingly,
an ingenious liquid-membrane crystallization method was developed to prepare the
zeolite-encapsulated catalyst [17]. As shown in Fig. 7.2, the millimeter-sized SiO2

pellet supportedCowas used as the core component, and theH-Beta zeolite precursor
was coated onto the surface of the core FTs catalyst and then the crystallization
process was performed in a Teflon-lined autoclave containing the organic template
and adjusted amount of H2O. The key factor for the successful synthesis of H-Beta
zeolite on the FTs catalyst core lied in the separation of alkaline-sensitive Co and
SiO2 from the alkaline solution by a tailor-made Teflon meshy container, which
was beneficial to avoid the corrosion of metallic active sites and catalyst supports
that usually occurred in the in-situ crystallization process. This liquid-membrane
crystallization method is a cost-effective and green technology because it consumes
less substrate, produces less waste in the total process. A more convenient approach
named physical adhesion method was proposed to increase the synthesis efficiency
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Fig. 7.2 Liquid-membrane crystallization method for core–shell structured capsule catalyst
synthesis

and industrial scalability of the zeolite capsule catalyst [18]. In this method, the
prepared zeolite powder were directly and uniformly adhered to the surface of FTs
catalyst using silica sol as adhesive. The adhesion process can be repeated several
times, therefore desirable amount of zeolite canbe coated on theFTs catalyst. Further-
more, the physical adhesion method is appropriate to more kinds of zeolites as the
shells of capsule catalysts, if compared with the in-situ hydrothermal method and
the liquid-membrane crystalization method.

In addition to the transformation of syngas via FTs process, syngas can also
be converted to methanol by CuZnAl catalyst or oxygen vacancy-rich metal oxide
directly. Therefore, the direct conversion of syngas to valuable chemicals can be
realized by combining the methanol synthesis catalyst and the product regulators.
Tsubaki and co-workers fabricated a capsule catalyst with H-ZSM-5 zeolite as shell
and millimeter-sized methanol synthesis catalyst CuZnAl as core by a facile in-
situ crystalization method [21]. This capsule catalyst can be employed as a tandem
catalyst for direct conversion of syngas to dimethyl ether (DME) in a consecutive
process, bywhich themethanol produced fromCuZnAl core is inevitably dehydrated
toDMEwhen it leaves the capsule catalyst through theH-ZSM-5 shell with abundant
acidic sites. To clarify the effect of the basicity of precursor solution on the catalytic
activity, two types of capsule catalysts were synthesized under different conditions,
one was synthesized under strong alkaline solution as the traditional acidic H-ZSM-5
zeolite synthesis, and another one was synthesized under close-to-neutral Silicalite-
1 zeolite synthesis condition. Surprisingly, even though no additional Al sources
were added into the close-to-neutral precursor solution, a complete and well-grown
acidic zeolite shell was formed on the external surface of CuZnAl catalyst, which
can be attributed to the migration of Al species from CuZnAl core to the zeolite
shell during the close-to-neutral synthesis process. The capsule catalyst prepared
under strong basic condition exhibited poor catalytic activity (CO conversion 5.6%)
because of the severe corrosion of CuZnAl core component during the hydrothermal
synthesis process. In contrast, the catalyst prepared under close-to-neutral conditions
exhibited excellent catalytic performance (CO conversion 30.4%, DME selectivity
78.6%) due to the well preservation of CuZnAl core accompanied by the formation
of acidic zeolite shell. The physical adhesion and dual-membrane methods were also
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applicable to fabricate millimeter-sized capsule catalysts for direct conversion of
syngas to DME via the methanol-mediated pathway [25, 23]. It should be noted that
the product distribution is also greatly influenced by the reaction conditions. A dual-
membrane capsule catalyst prepared by coating Silicalite-1 and H-ZSM-5 orderly on
the external surface of pellet SiO2 supported Pd exhibited greatly different product
distribution for the consecutive conversion of syngas at different reaction condi-
tions, low reaction temperature (250 °C) only dehydrates two methanol molecules to
DME, but high reaction temperature (350 °C) push the reaction forward to produce
liquid petroleum gas (LPG) via the dehydration of methanol (olefins formation) and
hydrogenation of olefins processes [23, 24]. It is no doubt that the hydrogenation
process occurring on the metallic active sites is a vital step for LPG synthesis from
syngas. However, it is inefficient that the olefins produced from the zeolite shell
should diffuse back to the metallic core (Pd/SiO2) for the hydrogenation reaction
rather than leave the capsule catalyst directly. To increase the efficiency of LPG
synthesis, a capsule catalyst composed of CuZnAl shell and H-Beta zeolite shell was
rationally designed [22]. An intelligent catalytic interface with a controlled gradient
of Cu between core and shell, where olefins could be hydrogenated to LPG directly
without diffusing to the core component, guaranteed the highly efficient conversion
of syngas to LPG (72.4%) in a single-pass. The formation of the catalytic inter-
face was attributed to the leaching of Cu species from CuZnAl core to the zeolite
shell during the hydrothermal process under strongly alkaline conditions. Recently,
an elegant core-shell structured catalyst with high-temperature methanol synthesis
catalyst Zn-Cr as the core and zeolite SAPO-34 as the shell was well designed to
realize the coupling of methanol synthesis and methanol to olefins reactions in a
single-pass [26]. The core-shell structured catalyst exhibited higher selectivity to
light olefins compared with the bifunctional catalyst prepared by physical mixing,
whichwas attributed to the regular arrangement of different active sites. Furthermore,
the undesirable CO2 was successfully suppressed due to the fast removal ofH2O from
the Zn-Cr component to the SAPO-34 shell, thereby the water gas shift reaction (CO
+ H2O → CO2 + H2) on the Zn-Cr catalyst was significantly weakened.

As discussed above, different types of zeolites can be coated on the external
surface of FTs catalysts andmethanol synthesis catalysts via differentmethods for the
oriented conversion of syngas into value-added chemicals. The final product distri-
butions obtained from the capsule catalysts are dependent on the reaction conditions,
types of zeolites, the thickness of the zeolite shell, etc.

7.2.2 Other Types of Core-Shell Structured Catalysts
for Syngas Conversion

In addition to the millimeter-sized capsule catalysts for syngas conversion, the
metallic active sites can also be embedded into the nanosized SiO2 or single-zeolite
crystals to realize the controlled synthesis. Even though the wetness impregnation
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method can introduce the metal species into the framework of zeolites, most of the
metal particles disperse on the external of zeolites, which is not the core-shell struc-
tured catalyst strictly speaking [27, 28]. Therefore, the traditional zeolite supported
FTs catalysts will be not discussed in this chapter. Li et al. embedded Co nanoparti-
cles of different crystallite sizes into an amorphous SiO2 matrix to clarify the effect
of spatial confinement on the product distributions [29]. This core-shell structured
catalyst can effectively inhibit the aggregation of theCo particles during the FTs reac-
tions, which avoids misunderstanding caused by size change. Benefiting from the
spatial confinement effect, the trapped reaction intermediates can be enriched in the
confined space, thereby boosting up the growth of long-chain hydrocarbons. On the
other hand, the smaller Co particle with strong adsorption capability guarantees high
CHx coverage inside the confined space to stimulate the chain growth by the carbide
mechanism. Khodakov et al. fabricated a metal and zeolite nanocomposite catalyst
for direct gasoline-range hydrocarbons synthesis by three steps, the parent zeolite
is first etched with an ammonium fluoride solution for mesopores creation, then the
FTs active Ru nanoparticles are loaded into the mesopores of the etched zeolite, at
last a zeolite shell of H-ZSM-5 is grown on the mesoporous zeolite, coating both the
etched surface andmetallic nanoparticles [30]. The comparative experiments indicate
that the Brønsted acid sites in the shell are more important for iso-paraffins synthesis
than that in the core component. The nanosized core-shell structured catalyst can also
build a special coordination environment for the controlled synthesis from syngas.
Xiao et al. fixed the RhMn nanoparticles into the Silicalite-1 nanocrystals [31]. This
core-shell structured catalyst exhibited unexpected C2-oxygenate selectivity with
high CO conversion and excellent stability. Multiple studies demonstrated that the
rigid zeolite framework efficiently stabilized theMn–O-Rh structure, which has been
widely known as the crucial site for C2-oxygenate formation. Even though the nano-
sized core-shell structured catalysts have obtained tremendous progress in syngas
conversion, the close intimacy between the core and shell components results in
certain products because different intimacy modes give a totally different product
distribution.

7.3 Oriented Hydrogenation of CO2 into Valuable
Chemicals

CO2 hydrogenation is the easiest way for the direct conversion of CO2 into valuable
chemicals. Wide attention has been paid to CO2 hydrogenation to basic chemicals,
such as CO, CH3OH, HCOOH, and CH4 [32]. However, the synthesis of C2+ hydro-
carbons from CO2 is still a challenge due to the inertness of CO2 and high kinetic
barriers for C–C bond formation. Recently, two pathways for oriented hydrogenation
of CO2 into C2+ hydrocarbons have been developed, the modified FTs pathway and
the methanol-mediated pathway [33].
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Fig. 7.3 CO2 hydrogenation to value-added chemicals via themodifiedFTs andmethanol-mediated
pathways

During the modified FTs pathway, CO2 is first converted to CO via the reverse
water gas shift (RWGS, CO2 + H2 → CO + H2O) reaction, then the produced
syngas can be transformed to hydrocarbons via the FTs process. Therefore, bifunc-
tional or multifunctional catalysts are essential to realizing the direct conversion
of CO2 into valuable chemicals in a single-pass. Recently, the direct conversion of
CO2 to gasoline has been realized by combining the Fe-based catalyst and acidic
zeolite H-ZSM-5, during which CO2 was converted to alkenes via the RWGS and
FTs reactions, then the alkenes were converted to gasoline on the acidic active sites
through the hydro-isomerization reaction (Fig. 7.3). To enhance the efficiency of this
tandem process, core-shell structured catalysts have been widely employed due to
their unique spatial confinement effects. Yang and co-workers designed a nano-sized
core-shell structured catalyst (CeO2-Pt@mSiO2-Co) with CeO2 supported Pt as core
(CeO2-Pt) and mesoporous SiO2 supported Co (mSiO2-Co) as shell, in which the
CeO2-Pt interface converted CO2 and H2 to CO via the RWGS reaction, and on
the neighboring mSiO2-Co interface yielded C2-C4 hydrocarbons through the subse-
quent FTs process [34]. Even though C2+ hydrocarbons can be produced from the
modified FTs process catalyzed by core-shell structured catalysts, the product distri-
butions are limited by the ASF distribution of FTs process with linear hydrocarbons
as the main products. Therefore, the product regulator is necessary to realize the
synthesis of target chemicals from CO2 hydrogenation in a tandem process.

Similar to the syngas conversion strategy, CO2 can also be converted to target
products via the methanol-mediated pathway by the core-shell structured catalysts
(Fig. 7.3). Tan and co-workers designed a millimeter-sized core-shell structured
catalyst with methanol synthesis catalyst Fe-Zn-Zr as core and acidic zeolite as the
shell (H-ZSM-5, H-Beta, and H-Y) for isoalkanes synthesis from CO2 hydrogena-
tion [35]. The double-zeolite shell composed of H-ZSM-5 and H-Beta exhibited an
enhanced confinement effect to boost the isoalkanes synthesis from CO2 (>80% of
isoalkanes among all the hydrocarbons), if compared with the single-zeolite shell
catalyst. Tsubaki and co-workers fabricated a dual-membrane capsule catalyst by
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hydrothermal crystalization method with Pd/SiO2 as the core for CO2 hydrogena-
tion to methanol, Silicalite-1 as the protective shell and H-ZSM-5 as product regu-
lator through the methanol to hydrocarbons reaction [36]. This capsule catalyst
presented higher LPG selectivity compared with the physical mixing counterpart,
which was attributed to the well-matched sub-steps work between Pd/SiO2 core and
dual-membrane shell.

Comparing the direct conversions of CO2 and syngas pathways, the application
of core-shell structured catalysts in syngas conversion has been studied earlier and
it seemed to be more efficient and controllable. However, the core-shell structured
catalysts with unique spatial confinement effects can provide more opportunities
for CO2 controllable conversion because the CO2 hydrogenation process involves
multiple steps, which can be integrated into a single-pass via the core-shell struc-
tured catalysts. Fe-based catalysts were usually employed to catalyze the modified
FTs pathway for CO2 hydrogenation into C2+ hydrocarbons such as α-olefins, and
Fe3O4 and Fe5C2 active sites have been clarified to be responsible for the RWGS and
FTs, respectively. Recently, Fe-based catalysts have been combined with the acidic
zeolite H-ZSM-5 to realize the direct conversion of CO2 to gasoline and aromatics,
which inspires the rational design of core-shell structured catalysts to expand the
range of high-value-added chemicals synthesis [37, 38]. Furthermore, the successful
transformations of CO2 into light olefins and aromatics have been realized by physi-
cally mixing the methanol synthesis catalysts with SAPO-34 and H-ZSM-5 zeolites,
respectively [39–40]. It is reasonable to believe that the extraordinary core-shell struc-
tured catalysts for oriented conversion of CO2 into high-value-added chemicals, such
as light olefins, aromatics, and gasoline, are coming soon in the near future.

7.4 Conversion of CH4 Via Core–Shell Structured Catalyst

As shown in Fig. 7.4, there are several approaches for CH4 conversion into valuable
chemicals, for example, CH4 dehydroaromatization for aromatics synthesis, oxida-
tive coupling of CH4 to light olefins, CH4 dry/steam reforming to syngas, CH4 partial
oxidation to methanol or acetic acid, and so on [6, 41]. In brief, the different conver-
sion routes can be classified into two kinds, CH4 conversion process performed at
high or low temperature. No matter which route is chosen for CH4 conversion, a
highly efficient catalyst is the pivotal factor to activate the stable CH4 molecule.
Core-shell structured catalysts have been widely investigated in the field of CH4

conversion due to their spatial confinement effects and coke resistance properties.

7.4.1 CH4 Dry Reforming Catalyzed by Core-Shell
Structured Catalyst

CH4 + CO2 → 2CO + 2H2 �H 0
298 = 248 k J mol−1
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Fig. 7.4 A variety of CH4
conversion pathways

CH4 dry reforming employing CO2 as a soft oxidant has the potential to alleviate
the environmental concerns stem from the emissions of greenhouse gases CO2 and
CH4. The CH4 dry reforming process is a highly endothermic reaction due to the
high stability of CO2 and CH4, therefore high operation temperature is required to
enhance the activation capability of the transition metal-based catalyst. However, the
major challenge for the practical application of CH4 dry reforming exists in the rapid
deactivation of the catalysts, which results from metallic particles sintering and coke
deposition at high reaction temperature. Even though noble metal catalysts are effi-
cient to prolong the reaction lifetime by suppressing the undesirable coke deposition,
the high-cost impedes their large-scale application. Therefore, core-shell structured
catalysts with unique architecture have been rationally designed to overcome the
challenges on the road to the industrial application of CH4 dry reforming.

On the one hand, theCH4 dry reforming is sensitive to the particle size of the active
metal sites. A minimum Ni particle diameter of 7 nm is required for the growth of
filamentous carbon, which covers the active sites for CH4 and CO2 activations [42].
For the traditional Ni-based supported catalysts, the aggregation of the Ni particles
on the external of the support is inevitable, thus leading to serious coke deposition.
Benefiting from the confinement effect, core-shell structured catalysts with solely
metal particles (Ni, Pd, Co, alloys, etc.) or supported metals as core and SiO2 or
metallic oxides (TiO2, CeO2, Al2O3, etc.) as shell have been widely employed to
suppress the unfavorable coke deposition phenomenon. SiO2 shell has been widely
reported to stabilize the metal nanoparticles and minimize metal sintering due to its
high thermal stability, high specific surface area, tunable pore size distribution, and
ease for synthesis. For the core-shell structured catalyst with supported metal as the
core, the migration of metal particles on the external surface of the support usually
leads to the formation of larger particles, which is inclined to be active sites for the
growth of carbon nanotubes. However, as long as the SiO2 shell remains thermally
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stable, the sintering of metal particles across different core-shell structured particles
can be controlled. It should be noted that the thickness of SiO2 shell renders an
obvious effect on the catalytic performance, as thin shell leading to the collapse of
the shell under high reaction temperature and thick shell slowsdown themass-transfer
efficiency of reactants [43]. Apart from the protective effect derived from the shell
component, a few metal oxides, as shell, with high redox activity also endows CO2

activation capability for the core-shell structured catalyst. For example, the CeO2

shell can undergo substantial cation change between Ce4+ and Ce3+ accompanied by
the consumption and formation of oxygen vacancies during the CH4 dry reforming
process. The transformation of Ce4+ and Ce3+ will release active lattice oxygen to
oxidize the carbon species on the interface of the catalyst, during which oxygen
vacancies can be formed and employed as catalytic centers for CO2 activation. The
replenished lattice oxygenwill be reused to activate the carbon species fromCH4. The
enhanced CO2 activation ability is beneficial to reduce the coke deposition during
the CH4 dry reforming process. Therefore, the core-shell structured catalyst with
reducible metal oxide as shell guarantees the bifunctional properties of enhancing
CO2 activation and suppressing metal sintering for the CH4 dry reforming reaction
[44].

On the other hand, the crystal structure of the metallic active sites is another vital
factor for the CH4 dry reforming. For example, Pd nanocubes with exposed [100]
planes have been proven to have higher CH4 activation capability. However, the
aggregation of Pd nanocubes under high temperatures will break the original crystal
structure of themetal catalyst, therefore leading to the decrease of CH4 dry reforming
activity. Through the confinement effect of the core-shell structured catalyst, the
core component with certain active facets can be precisely controlled. Yue and co-
workers investigated the protective effect of shell components by encapsulating the
[100] planes exposed Pd nanocubes with mesoporous SiO2. The morphology of
the core-shell structured catalyst, especially the well-defined core component, was
well maintained after the long-term high-temperature reaction. In contrast, the tradi-
tional supported Pd-based catalyst exhibited poor reaction stability, which further
confirmed the protective effect derived from the external shell [45].

7.4.2 Zeolites Encapsulating Metallic Species for Direct
Conversion of CH4 to Methanol

Another typical route for CH4 conversion is the selective partial oxidation of CH4

to methanol catalyzed by core-shell structured catalysts using zeolites encapsulating
metallic species, which is an energy-saving strategy due to themild operation temper-
atures. In nature, CH4 monooxygenase enzymes selectively transform CH4 into
methanol at ambient temperature. Inspired by these enzymes, zeolites stabilized
binuclear Cu cores have been rationally designed in a form analogous to that found
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in the CH4 monooxygenase enzymes [46, 47]. Lercher and co-workers encapsu-
lated the trinuclear copper oxygen clusters into the framework of mordenite zeolite
by mimicking the nuclearity and reactivity of active sites in CH4 monooxygenase
enzymes [48]. Benefiting from the perfect confined environment for the highly selec-
tive stabilization of trinuclear copper oxygen clusters, the core-shell structured cata-
lyst exhibited high reactivity toward C-H bond activation and the followingmethanol
formation under gas-phase reaction conditions. However, this conversion process for
CH4 tomethanolwas realized by a chemical looping system that is composed of high-
temperature catalyst activation for active sites formation and low-temperature CH4

reaction and product extraction (Fig. 7.5a). Thus, the pseudo-catalytic process results
in the low productivity of the target product methanol. Compared with the intermit-
tent gas-phase reaction, CH4 oxidation in a liquid solvent with H2O2 as an oxidant
provides a facile method for high-value-added utilization of CH4 under mild condi-
tions. The partial oxidation of CH4 using H2O2 as oxidant exhibited great potential
for methanol synthesis. However, the high-cost of H2O2 limited its practical appli-
cation. Recently, the partial oxidation of CH4 using in-situ formed H2O2 from H2

and O2 has triggered much more attention, but the methanol productivity from this
indirect strategy is still lower than that using H2O2 to oxidize CH4 directly. Xiao
and co-workers speculated that the slowly formed intermediate H2O2 diffused away
from the metallic active site, which was unfavorable for the subsequent activation
of CH4. Therefore, they fabricated a hydrophobic core-shell structured catalyst, in
which AuPd alloy was embedded into the framework of H-ZSM-5 zeolite by solvent-
free method, followed by the transformation of the hydrophilic external surface of
zeolite to the hydrophobic interface by long-chain organics (C16) modification. The
hydrophobic interface was employed as a molecular fence to prevent the diffusion of
H2O2 away from the active sites without affecting the hydrophobic CH4 molecules
passing through the hydrophobic sheath to arrive the AuPd nanoparticles (Fig. 7.5b).

Fig. 7.5 Representative diagram for the stepped conversion of CH4 a, and the concept of molecule
fence for direct conversion of CH4 to methanol proposed by Xiao et al. b
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Through this rationally designed core-shell structured catalyst, a high local concen-
tration ofH2O2 aroundAuPdnanoparticleswas kept,whichwas beneficial to address
the challenge to accelerate CH4 conversion to methanol [49].

7.4.3 Other Core-Shell Structured Catalysts for CH4
Conversion

CH4 can also be converted to high-value-added aromatics via the CH4 dehydroarom-
atization (MDA) process in the absence of O2. Since it was first reported in 1993,
a variety of MDA catalysts based on metal ions (Fe, Mo, W, Zn, Cu, Ga, etc.)
dispersed on various zeolites (ZSM-5, MCM-22, and MCM-49) have been emerged
[6, 50]. However, due to the high operation temperature (≥ 700 °C) ofMDA reaction,
the traditional supported catalysts suffered from severe coke deposition and active
site aggregation, which hampered the industrial applications. Core-shell structured
catalysts with unique confinement effects are promising candidates to prevent the
sintering of metallic active sites. On the other hand, the protective effect derived from
the shell can efficiently suppress the undesirable coke deposition. Tsubaki and co-
workers designed a core-shell structured catalyst with Mo nanoparticles embedded
into the hollow dual-layer zeolite capsule (Silicalite-1 and H-ZSM-5) for the MDA
reaction [51]. In this capsule catalyst, the primary intermediates (CHx and C2Hy)
produced from MoCx that loaded on the inner shell were accumulated in the hollow
cavity, where CH4 and the primary intermediates were oligomerized and dehydro-
cyclized to benzene. It should be noted that the thin H-ZSM-5 membrane guaranteed
the fast mass transfer of the formed benzene, which efficiently avoid the undesirable
secondary reaction of benzene and suppress the coke deposition. Bao and co-workers
embedded the single Fe sites into the SiO2 matrix by fusing ferrous metasilicate with
SiO2 at 1700 °C in air, followed by leaching with aqueous HNO3 [52]. Comprehen-
sive characterizations confirmed that the single Fe sites enabled the activation of CH4

to methyl radicals, which couple to ethylene and aromatics by a series of gas-phase
reactions. The absence of adjacent Fe sites benefitted from the confinement effect
of the SiO2 matrix prevents the catalytic C–C coupling and the following oligomer-
ization reactions on the catalysts surface, thereby suppressing the undesirable coke
deposition.

Despite the challenges and difficulties of activating CH4, there is significant
progress in the development of direct conversion ofCH4 to hydrocarbons, particularly
for the core-shell structured catalysts driving CH4 conversion. Different functional-
ities from core-shell structured catalysts accommodate to different CH4 conversion
routes. CH4 dry reforming and MDA need core-shell structured catalysts to prolong
their lifetime by suppressing the coke deposition and metallic active sites sintering
under high reaction temperatures. Because CH4 selective partial oxidation is sensi-
tive to the local concentration of oxidants, the core-shell structure is beneficial to
create a special reaction environment, thereby boosting the CH4 partial oxidation
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performance. No matter which route is chosen, further development of highly effi-
cient catalysts is essential to meeting the high demand for the industrial application
of CH4 conversion to commodity chemicals.

7.5 Conclusion

Core-shell structured catalysts have beenwidely used inC1molecules conversion due
to their unique geometric architectures, ingenious confinement effects, and control-
lable active components for specific reactions. This chapter summarizes the typical
examples of core-shell structured catalysts for C1 catalysis. Zeolites-based core-shell
structured catalysts are essential to realizing the selective synthesis of target products
from syngas conversion or CO2 hydrogenation. The linear hydrocarbons or methanol
synthesis from syngas or CO2 can be transformed into value-added chemicals on the
acidic sites of zeolites. Benefiting from the spatial confinement effect, the target
product selectivity of the core–shell structured catalyst is higher than that obtained
in the physical mixing counterpart. The widespread of nanosized core-shell struc-
tured catalyst in CH4 conversion mainly relies on their excellent coke-resistance and
metallic sites sintering suppression. Even though huge progress has been achieved in
the rational design of core-shell structured catalysts for C1 catalysis, their industrial
applications are still hampered by some limitations such as surface abrasion of zeolite
shell, highly efficient separation engineering, and advanced reactor technology.
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Chapter 8
Core-Shell Structured Catalysts
for Catalytic Conversion of CO2
to Syngas

Sonali Das and Sibudjing Kawi

8.1 Introduction

Carbon dioxide management in terms of carbon capture and utilization (CCU) is an
area of vigorous research because of an urgent need to limit the adverse environmental
effects of excess CO2 emissions [1, 2]. CO2 or dry reforming of hydrocarbons is one
of the potential routes of using CO2 as a raw material into value chains for energy
or chemical production on a large scale [3–5].

In dry reforming, CO2 is used as a soft oxidant for the catalytic reforming of
hydrocarbons to produce syngas, a mixture of CO and H2. Due to wide availability
of natural gas and shale gas, methane is the most commonly used hydrocarbon in
CO2 reforming. CO2 (dry) reforming of methane (DRM) produces syngas with an
equimolar ratio of H2 and CO. The produced syngas may be used as a source of
hydrogen for fuel cells or for other industrial processes. DRM can complement
processes for hydrogen production from other, more established technologies such
as steam reforming or autothermal reforming. Syngas components are among the
key building blocks of the chemical industry and can be converted into hydrocarbons
and oxygenates by Fischer–Tropsch synthesis or by methanol synthesis. Thus, dry
reforming constitutes the first step of the indirect route of utilization of CO2 and
its conversion to liquid fuels or chemicals. In this indirect route, CO2 is used to
reform methane from natural gas, shale gas or biogas to produce syngas by DRM,
which is subsequently converted to valuable fuels or chemicals by gas-to-liquid
technologies. The syngas composition from DRM is ideal for the production of
oxygenated compounds and Fischer–Tropsch synthesis of long-chain hydrocarbons
and liquid fuel [6].Use ofCO2 in dry reforming to form syngas and further conversion
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to fuels does not lead to a net reduction in atmospheric CO2 content because the
ultimate consumption of the produced fuels releases the CO2 to atmosphere again,
but such CO2 derived synthetic fuels may serve as a substitute of fossil-based fuels.
This chapter covers the applications and benefits of core-shell structured catalysts in
CO2 reforming of methane to produce syngas.

8.2 Dry (CO2) Reforming of Methane

CO2 (dry) reformingofmethane (Eq. 8.1) is conducted at elevated temperatures (600–
1000 °C) over metal catalysts such as Ni, Pt, Ru, and Rh [6]. The DRM reaction is
highly endothermic and requires high temperatures for significant conversion and
product yield. Catalysts are required for the activation of CO2 and CH4, both of
which are extremely stable compounds. Noble metal such as Pt, Pd, Ru, and Rh
and non-noble metal nanoparticles such as Ni, Cu, and Co dispersed on suitable
supports are effective in catalyzing this reaction. Side-reactions of DRM include the
reverse water gas shift reaction (RWGS, Eq. 8.2), methane decomposition (Eq. 8.3)
and CO disproportionation, commonly known as the Boudouard reaction (Eq. 8.4).
RWGS is usually equilibrium limited and its occurrence lowers the hydrogen yield
by converting it to water. CH4 dissociation and CO disproportionation result in the
formation of solid carbonaceous species or coke, which can deposit on the catalyst
and cause catalyst deactivation.

CH4 + CO2 → 2CO + 2H2 �H0
298 = 248

kJ

mol
(8.1)

CO2 + H2 → CO + H2O �H0
298 = 41.2

kJ

mol
(8.2)

CH4 → C(s) + 2H2 �H0
298 = 75

kJ

mol
(8.3)

2CO → C(s) + CO2 �H0
298 = −172

kJ

mol
(8.4)

The main challenge for the large-scale application of DRM is the rapid deacti-
vation of the catalysts during operation. Catalyst deactivation is primarily caused
by two factors: (1) sintering of the active metal nanoparticles at the high tempera-
ture operating conditions to form larger particles with low surface area, and (2) the
deposition of solid coke on the catalyst that covers active sites and causes blockage
of reactors. Because of cheaper cost, easy availability and high activity, Ni-based
catalysts have the highest potential for commercial use as DRM catalysts, but the
issues of metal sintering and coke formation are extremely severe for Ni [6, 7].

Metal sintering in catalysts occurs by the gradual agglomeration of the nanopar-
ticles by coalescence or by Ostwald ripening [8]. High temperatures accelerate the
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motion of the metal nanoparticles on the surface of the support and facilitate their
coalescence. The Tammann temperature of Ni (the temperature at which the onset of
mobility of particles on a surface occurs) is lower than the DRM operating temper-
ature of 600–1000 °C, leading to rapid particle growth and loss of active surface
area. Nickel nanoparticles are also highly active in catalyzing coke formation during
DRM. If the rate of formation of carbonaceous intermediates (frommethane decom-
position or CO disproportionation) on the metal surface is not balanced by the rate of
oxidation of these intermediates, it results to the formation of solid coke. The formed
carbon dissolves into the nickel crystallites to form a carbide phase followed by the
nucleation of a separate coke phase upon exceeding the saturation concentration [9].
Crystalline coke may deposit as graphitic rings encapsulating the Ni nanoparticles
or in the form of carbon nanotubes (Fig. 8.1). Carbon nanotube growth may occur
with the Ni nanoparticle at the base or tip of the nanotube, and the growth continues
to occur as long as the attached Ni nanoparticle is catalytically active. Thus, filamen-
tous coke formation, especially with tip growth, may not immediately deactivate
the catalyst; but it has severe implications on long-term operation. The uncontrolled
growth of carbon nanotubes causes an expansion of the catalyst bed, ruptures catalyst

Fig. 8.1 Types of coke formed on metal nanoparticles; TEM images showing a filamentous coke
with Ni nanoparticle at the tip (Reprinted from Ref. [10] Copyright (2018), with permission from
Elsevier), b encapsulating coke surrounding a Ni nanoparticle (Reprinted from Ref. [11], Copyright
(2019), with permission from The Royal Society of Chemistry)
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pellets, and ultimately leads to blockage of the catalyst bed, preventing the reactant
gases from going in. Tip growth of filamentous carbon dislodges the metal nanopar-
ticles from the support, resulting in a complete loss of metal-support interaction and
easier agglomeration of metal nanoparticles. More importantly, such wreckage of
the original catalyst structure makes it extremely challenging to regenerate the cata-
lyst because of irreversible sintering of the detached metal nanoparticles upon coke
removal during regeneration.

Thermodynamically, coke formation by CH4 dissociation is favored at high
temperature, while CO disproportionation is favored at low temperature. Coke
formed from the Boudouard reaction is often more inactive and difficult to oxidize
than that produced by methane decomposition. Thus, coke deposition is more severe
in relatively low temperature DRM operation. At very high temperatures (>900 °C
for operation at 1 bar), coke formation in DRM may become negligible because of
thermodynamic suppression of the Boudouard reaction and fast oxidation of coke
[3]. But operation at lower temperature is more desirable for industrial applications.
There is also a risk of formation of cold spots in the DRM reactor because of the
endothermic nature of the reaction; and thus, even for high temperature operation,
such local cold spots may initiate coke deposition.

Development of suitable catalysts that can resist metal sintering and coke forma-
tion during long-term DRM operation is, hence, the primary focus of research in this
field. Nickel-containing catalysts, either monometallic or alloyed with other metals,
are most investigated as potential candidates for future commercial applications [12].

8.3 Core-Shell Catalysts in CO2 Reforming of Methane

In the past decade, core-shell structured materials have emerged as excellent candi-
dates for coke resistant and thermally stable catalysts for DRM [5, 13]. Because of
their unique morphology, core-shell materials offer high thermal stabilities, resis-
tance to metal sintering, and inhibition of growth of carbon nanotubes during DRM,
compared to conventional catalysts. At the same time, the flexibility of combining
multiple materials with various desirable properties in a core-shell structure allows
for bifunctional catalysis on such catalysts, which can help in coke removal during
DRM and extend the catalyst life.

8.3.1 Benefits of Core-Shell Catalysts

In this section, the benefits of core-shell structured catalysts in increasing stability
in dry reforming are discussed with relevant examples. The properties of core-shell
structured catalysts that make them superior candidates for long-term application in
CO2 reforming reactions are illustrated in Fig. 8.2 and are discussed in detail in the
subsequent sections. However, it is to be noted that notwithstanding these benefits
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Fig. 8.2 Benefits of core-shell catalysts over conventional supported catalysts for CO2 reforming
of methane

and advantages of core-shell catalysts, they are still an emerging class of materials
and there are several bottlenecks that need to be addressed before such catalysts
can be used industrially. Some of the challenges of core-shell catalysts compared to
conventional supported catalysts are their greater complexity and cost of synthesis
and the possibility of lower overall activity associated with active site blockage or
mass transfer limitations imposed by the shell. Readers may refer to a review article
by Das et al. [5] for a detailed discussion on the advantages and disadvantages of
core-shell catalysts versus conventional supported catalysts for various routes of
catalytic conversion of CO2.

8.3.1.1 Resistance to Sintering and Coking

As discussed in Sect. 8.2, the agglomeration of nanosized metal particles by coales-
cence andOstwald ripening is accelerated at the high temperature of DRMoperation.
In conventional supported catalysts, the mobility of the metal nanoparticles over the
support results in their rapid coalescence and formation of bigger nanoparticles with
low catalytic surface area [8]. Not only that, metal sintering also leads to increased
growth of filamentous carbon on the metal nanoparticles [7, 14, 15]. The rate of coke
formation has been shown to be a strong function of the metal particle size, with
coke formation being favored on bigger ensembles [14, 15]. It is generally observed
that the carbon nanotube growth occurs with the metal particle at the tip or base, and
the diameter of the nanotube is roughly equal to that of the metal nanoparticle. The
thermodynamic properties and external tension energy of carbon nanofibers have
been proposed to change as a function of the crystal size. A theoretical modeling
study predicted that a small-sized Ni crystal results in a high saturation concentration
of carbon nanofibers and, thus, a low driving force for carbon diffusion through the
Ni crystals [9]. Theoretical calculations also indicate that a minimum cluster size
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of around 80 carbon atoms are required for the stability of a graphene island on Ni
surface; thus, Ni nanoparticles with facets smaller than this critical size of carbon
cluster may not be able to form coke. Some experimental studies suggest that Ni
nanoparticles of size lower than 4–7 nm can inhibit the generation of filamentous
carbon [15, 16]. Thus, limiting the metal particle size is crucial for maintaining good
activity and coke resistance in DRM. However, even if very small metal particles
are supported on conventional supported catalysts, the initial high metal dispersion
cannot be maintained due to sintering in DRM reaction atmosphere, leading to coke
formation and subsequent catalyst deactivation.

Core-shell structured catalysts provide one of themost effective ways tominimize
catalyst sintering and to preserve the active structure of nanomaterials. In a core-shell
structure, the active nanoparticles may be encapsulated or partially embedded in a
layer of thermally stable material that acts as a physical barrier to hinder particle
migration and agglomeration. Very small metal nanoparticles (e.g., Ni, Pt, Cu, Pd,
etc. or their alloys) can be stabilized under extreme conditions by encapsulation
in a thermally stable shell in metal@metal oxide type core-shell structures, where
the metal oxide or silica shell physically prevent their coalescence. Examples of
such structures abound in recent literature, like Ni@SiO2 [17], NiCu@SiO2 [18],
Pd@SiO2 [19], Au@SiO2 [20], etc. Mesoporous silica is often employed as a suit-
able shell material because of its high thermal stability, high specific surface area,
tunability of pore size, and ease of synthesis [21]. Othermetal oxides such as alumina,
cerium oxide, zirconium oxide, etc. have also been used to constitute the shells [10,
22–24]. Metal@SiO2 or metal@metal oxide structures exhibit much higher resis-
tance to sintering than conventional supported metal catalysts. If the initial metal
particle size in the core-shell catalyst is small (lower than what is needed to promote
the growth of carbon nanotubes) and metal sintering is inhibited by the core-shell
structure, the catalyst may be able to completely resist formation of filamentous coke
during the course of the DRM reaction.

Apart from preventing metal sintering, the encapsulation of the metal nanopar-
ticles by the shell plays another important role in DRM. The growth of filamen-
tous carbon on metal nanoparticles requires space for the carbon nanotube to grow.
The presence of a shell on the metal surface limits this space and provides a
steric hindrance to the growth of the carbon nanotubes, thereby largely suppressing
filamentous carbon formation during DRM.

In the last few years, there has been vigorous research on sinter-resistant core-
shell catalysts for DRM.Metal@SiO2 catalysts are the most extensively investigated
catalysts in this class. Metal nanoparticles of desired sizes are usually synthesized by
colloidal routes, followed by coating the silica shell by sol–gel methods [13, 25]. The
silica shell thickness and porosity can be easily tuned by adjusting the silica precursor
concentration, hydrolysis time, and use of surfactants [21]. Several investigators
have reported Ni@SiO2 catalysts for DRM [13, 17, 26–28], and Ni@SiO2 has been
characterized by negligible coke formation and stable activity for more than 100 h
in DRM [27]. Ni-containing alloys such as NiCu and NiCo have also been used as
the core in similar structures [18, 29–31]. A NiCo@SiO2 catalyst reported by Zhao
et al. [29] demonstrated stable DRM performance for 1000 h at 800 °C.
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Often, multiple metal cores may be encapsulated inside one porous silica sphere,
forming multi core-shell structures. Multi core-shell structures are, in some cases,
easier to synthesize (for example, by one-pot synthesis methods) than single core-
shell structures because of lower precision requirement [27]. Multi core-shell struc-
tures also provide a higher specific surface area of the active core and a high inter-
facial area per unit volume between core and shell. However, during DRM reaction,
these multiple metal cores confined inside the silica sphere can migrate inwards and
agglomerate to form a single larger Ni core [26, 27]. Sintering of Ni nanoparticles
across different silica spheres does not, however, occur; so the sintering is limited to
every individual core-shell subunit.

Mesoporous silica shells have also been used to coat dispersed metal/support
composites. For example, sandwich structured SiO2@Ni@SiO2 catalysts with a
silica shell coated on a dispersed Ni/SiO2 core have been reported [32, 33]. The
purpose of the shell here is to compartmentalize the dispersed Ni nanoparticles on
the inner support, keep them spatially dispersed, prevent their coalescence, and to
sterically hinder carbon nanotube growth.

Attempts have been made to use core-shell structures to maintain not only the
particle size but also the shape and exposed facets of the core. Depending on the
properties of the material, certain planes of a crystal may be more catalytically
active or selective than others for a given application. Developments in wet chemical
synthesis techniques have now made it possible to synthesize nanomaterials with
precise shapes such as nanocubes, nanorods, and nanopolyhedra that expose selective
crystal planes that are desirable for the specific application. However, operation
at high temperature may lead to structural modifications, and in extreme cases, a
complete loss of the initial structural characteristics. For instance, CeO2 nanorods
exposing [100] and [110] planes are known to have catalytic activity superior to that
of CeO2 nanoparticles [34]. However, during reforming at elevated temperatures,
the nanorod structure of Ni/CeO2 collapses, leading to loss of active surface facets
and surface area and metal sintering [35]. Coating a layer of mesoporous silica shell
to form Ni/CeO2 nanorod@SiO2 could stabilize the ceria support structure during
DRM, resulting in stable performance. Attempts have also beenmade tomaintain the
exposed facets ofmetal cores by coatingwith silica shell. Pd nanocubes with exposed
[100] planes (that are expected to have higher activity for methane dissociation)
were encapsulated in mesoporous silica shells [19]. However, the effectiveness of
this approach in maintaining the metal nanoparticle surface facets needs further
verification, since a slight “rounding” of the Pd nanoparticles was reported by the
authors after 10 h of reaction.

The high thermal stability of core-shell structures alsomakes them ideal for chem-
ical looping CO2 reforming processes that subject the catalyst to continuous thermal
and redox cycles. In chemical looping dry reforming process, the dry reforming reac-
tion is separated into two spatially and temporally separate half-reactions in which
the catalysts or oxygen storage materials (OSM) are reduced by reaction with the
hydrocarbon in one step and regenerated by oxidation with CO2 in the other step
in a cyclic fashion. Since the oxidation and reduction half-reactions are spatially
separated, pure hydrogen product stream can be obtained directly from chemical
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looping reforming process without the need of downstream separation [36]. Metal
oxides incorporating Cu, Fe, Ni, Mn, etc. are promising oxygen carrier candidates,
but severe sintering of these metal oxides in the repeated thermal and redox cycles
impedes the practical application of the chemical looping process. Recently, some
core-shell structured catalysts with chemically and thermally stable shell materials
have been reported to possess long-term stability in chemical looping dry reforming
ofmethane [37, 38]. For example, a Fe2O3/ZrO2@ZrO2 catalystwith Fe2O3 nanopar-
ticles as the oxygen storage material and with a thin protective ZrO2 shell exhibited
excellent redox activity for the CO2 reduction half-step for 100 redox cycles [37].

Core-shell catalysts have also been reported in recent years to inhibit coke forma-
tion in unconventional methods of CO2 reforming such as plasma-assisted DRM
[39–41].

8.3.1.2 Bifunctional Catalysis

A core-shell structure provides enormous flexibility in tuning the physicochemical
and catalytic properties of the composite material by combining different materials
with complementary properties at a desired spatial proximity with each other [5].
Thus, bifunctional catalysis is possible on core-shell catalysts, wherein different
active sites in the same catalyst performs different catalytic functions, which work
in tandem to complete the overall reaction process. It is to be noted that bifunctional
catalysis is not a special property of core-shell structures—it is observed in traditional
supported catalysts as well, but a core-shell structure allows for a higher degree of
control over the spatial distribution of the various catalytic sites and maximizes the
interface area between them,which often leads tomore optimal reaction performance
and higher reaction selectivity.

For CO2 reforming of methane, the reaction mechanism involves (1) the dissocia-
tion ofmethane toCHx* intermediates on themetal sites and further dehydrogenation
to form C* and adsorbed H*, (2) activation and dissociation of CO2, (3) reaction of
O-containing intermediate with C* to form CO, and (4) desorption of H2 and CO
products [2, 42]. The activation and dissociation of CO2 may occur on the metal sites
or on the support sites, depending on the properties of the support. For inert supports
like silica, both CH4 and CO2 are usually dissociated on the metal site (monofunc-
tionalmechanism),whereas for basic supports likeMgOor redox supports likeCeO2,
CO2 can be activated on the support [2, 3, 43]. In the latter scenario, the oxidation
of C* intermediates on the metal sites to form CO also occurs through reaction with
species involving the support, such as lattice oxygen species in redox supports or
carbonate species in basic supports, thereby constituting a bifunctional mechanism.
The involvement of the support in the bifunctional mechanism has been reported
to facilitate CO2 activation and oxidation of carbonaceous intermediates, thereby
imparting better coke inhibition properties than the monofunctional mechanism.

To take advantage of the bifunctional mechanism to suppress coking, core-shell
catalysts including materials like MgO [44], La2O3 [45], CeO2 [10], ZrO2 [23],
etc. as constituents have been developed for DRM. The interface area between the
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metal nanoparticles and the oxide support is of significance in bifunctional catalysts,
because only at this interface, the support facilitated coke oxidation may proceed.
Compared to conventional supported catalysts, core-shell structures with encapsu-
lated metal nanoparticles can increase this interface area and thus enhance the coke
inhibition properties of the catalyst.

Some examples of bifunctional core-shell catalysts for DRM are discussed here.
CeO2 shells on Ni nanoparticles have been reported to significantly enhance coke
resistance [10, 22]. CeO2 is widely applied for oxidation-reduction reactions due
to its redox properties and oxygen storage capacity. CeO2 can undergo substantial
stoichiometric changes between +4 and +3 oxidation states of Ce under different
oxidizing/reducing environment, without a loss of its crystal structure. The partial
reduction of Ce4+ to Ce3+ results in the release of lattice oxygen, which can oxidize
carbon species at the metal/CeO2 interface during DRM. The oxygen vacancies
thereby formed in the CeO2 lattice act as the primary catalytic centers for CO2

activation and dissociation. Ni@CeO2 was shown to exhibit better stability than
Ni@SiO2 in DRM [22]. The type of coke deposited on Ni@CeO2 was also different
(amorphous andmore reactive coke) from that on Ni@SiO2 (graphitic and less active
coke). Another study reported sandwich structured Ni–SiO2@CeO2 multi core-shell
catalyst that showed negligible coke formation for dry reforming of biogas with
sub-stoichiometric CO2 content [10]. In situ infrared spectra gave evidence of a
bifunctional reaction mechanism involving the lattice oxygen of the CeO2 shell. A
direct compassion between the core-shell Ni–SiO2@CeO2 and a supported Ni/CeO2

catalyst showed that although the bifunctional redox mechanism is followed on
both the catalysts, coke resistance of Ni–SiO2@CeO2 is markedly higher than that
of Ni/CeO2. This improvement may be attributed to the confinement effect of the
shell on metal sintering and also, possibly, to the higher Ni–CeO2 interfacial area
in the core-shell structure. Similarly, sandwiched core-shell SiO2@Ni@ZrO2 has
also been reported, whereby the Ni/ZrO2 interface was proposed to increase dry
reforming activity by lowering the dissociation energy barriers for CH4 andCO2 [23].
In the examples mentioned above, the shell of the catalyst is the material adding the
secondary function of coke oxidation, but such materials may also be incorporated in
the core of the catalyst. For example, several sandwich structured catalysts have been
reported where the core is constituted by metal nanoparticles dispersed on suitable
active supports, and the whole structure is further coated by amesoporous silica shell
[44–46]. Here, the oxide support in the core is involved in the reaction, while the shell
is responsible for protecting the core and preventing metal sintering or disintegration
of the core structure at high temperatures. For example, Du et al. [46] designed a
NiMgAl–LDH@m–SiO2 catalyst for DRM based on the above rationale. Layered
double hydroxides (LDH) are suitable supports for DRM catalysts because they have
good CO2− sorption capacity and ample basic sites and hydroxyl groups that impart
good coke oxidation capability. However, high surface area LDH nanoplates easily
aggregate at high temperatures and show poor coke- and sinter-resistance in DRM.
The NiMgAl–LDH@m–SiO2 catalyst integrated the conducive properties of LDH
with the thermal stability of silica andwas characterized by high stability under DRM
conditions at 750 °C.
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8.3.1.3 Catalyst Regeneration

Catalyst regenerability is an essential criterion for large-scale applications. Regenera-
tion of a spent catalyst with accumulated coke after reforming reaction can be done by
air calcination/reduction treatments. However, as discussed in Sect. 8.2, filamentous
carbon can uproot metal nanoparticles from the support in supported catalyst during
the DRM reaction. Removal of coke in the spent catalyst during regeneration results
in free metal nanoparticles without any interaction or stabilization by the support. At
the high temperature of regeneration, these free metal nanoparticles agglomerate to
form larger particles with lower surface area. Thus, catalysts with high filamentous
carbon deposits cannot be fully regenerated. More importantly, the regenerated cata-
lysts, because of the larger metal particle size and weaker metal-support interaction,
tend to form coke and deactivate faster than fresh catalysts.

By hindering filamentous coke formation and growth during DRM, core-shell
structures have better potential for regenerations than supported catalysts. Li et al.
[47] compared the behavior of Ni-phyllosilicate and Ni-phyllosilicate@SiO2 cata-
lysts in subsequent regenerations in DRM. On the supported Ni-phyllosilicate cata-
lyst, the rate of coke accumulation accelerated after one regeneration cycle, and the
regenerated catalyst deactivated by blocking the reactor within 3 h of regeneration.
In contrast, the core-shell catalyst could be successfully regenerated multiple times.
The effect of the shell in preventing metal detachment during regeneration is shown
schematically in Fig. 8.3.

Fig. 8.3 Schematic of the role of silica shell in enhancing catalyst regeneration (carbon removal
step) by inhibiting carbon nanotube (CNT) formation (Reprinted from Ref. [47], Copyright (2018),
with permission from Elsevier)
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8.3.2 Factors in Core-Shell Catalyst Design for DRM

8.3.2.1 Shell Thickness

The thickness of the shell, along with its porosity, plays a significant role in deter-
mining the activity and stability of a core-shell catalyst. One of the main challenges
of core-shell catalysts is the potential mass transfer limitation imposed by the shell
that can adversely affect the catalytic activity. While increased shell thickness may
improve the thermal stability of the catalyst, it may also limit the accessibility of the
reactants to the catalytically active metal sites in the core. A careful optimization
of the shell thickness and porosity is hence required to achieve the desired thermal
stability at minimum restrictions to the accessibility of active sites. Li et al. [48]
compared the DRM activities of Ni@SiO2 catalysts with shell thickness varying
from 3.3 to 15.1 nm. They observed that a 11.2-nm-thick mesoporous silica shell
on the ~12-nm-diameter Ni cores was optimum in increasing DRM activity while
maintaining sinter-resistance of the catalyst structure. Too thin silica shells (3.3 nm)
collapsed during DRM at 800 °C, resulting in metal sintering and deactivation. On
the other hand, too thick shells (15.1 nm also) resulted in cross-linking of the silica
shells and reduction in porosity, with a concurrent reduction in catalytic activity.
Such a volcano shaped dependence of DRM activity on shell thickness was also
reported for Co@SiO2 catalysts [49].

Tuning shell thickness formesoporous silica is quite straight-forward, wherein the
hydrolysis time and concentration of precursors in sol–gel synthesis can be varied to
control shell thickness. Similarly, atomic layer deposition (ALD) of alumina shells
provide precise control on shell thickness by changing the number of ALD cycles. In
a study by Baktash et al. [24] on Ni@Al2O3 catalysts, a clear trend was established
between the number of ALD cycles and the DRM activity of the catalyst, presumably
as a result of increased mass transfer resistance. However, all materials are not yet
amenable to such precise control in synthesis, and further development of chemical
synthesis techniques is required.

8.3.2.2 Shell Porosity

The porosity of the shell also has a similar effect as the shell thickness. Too small
pores may cause diffusion limitations whereas, too big a pore size may be ineffec-
tive in preventing metal nanoparticle sintering. For example, in a multi core-shell
catalyst, high porosity of the shell may result in the gradual agglomeration of all
the multiple metal cores to form a single larger core [27]. Because of the relatively
smaller size of the reactant and product molecules, DRM is less affected by internal
diffusion limitations than reactions including bulkier molecules. Pore size of most
reported catalysts are also in the mesoporous range, with very few studies reporting
microporous shells. In one study, the effect of shell porosity on DRM activity was
studied on RuCo@SiO2 catalysts by varying the surfactants (CTAB, PVP or none)
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used during synthesis [50]. Although a higher shell porosity did improve the DRM
activity, it was observed that at high reaction temperatures, the observed effect of
shell porosity became less significant. Other methods have also been reported for
tuning shell porosity, such as post-treatment of silica shells in alkaline media to
create porous phyllosilicate structures [51]. Such treatments were shown to increase
both the material porosity and activity in DRM; however, it is not clear from the
studies whether the enhancement in activity can be related solely to the elimination
of mass transfer limitations [51, 52].

8.3.2.3 Morphology

The catalytic activity of core-shell catalysts may be lowered not only by diffusion
limitations but also by the blockage of the active sites by the deposition of the
shell on its surface. Some variations of the core-shell morphology such as yolk-
shell structures may be more advantageous to tackle such challenges. Yolk-shell or
core@hollow structures contain an empty space between the active core/yolk and
the shell, and thus minimize the blockage of active sites by the shell. At the same
time, such hollow structures may also allow for thinner shells, reducing diffusion
limitations [5].

Yolk-shell or hollow structures are usually synthesized using soft or hard
templating methods, wherein a sacrificial layer of template such as silica or carbon
is first coated in between the core and shell and subsequently removed to create
a hollow space. Several yolk-shell catalysts such as Ni-yolk@SiO2 [48], NiCe-
yolk@SiO2 [53], multi-Ni@hollow silica [54], and NiPt@hollow silicalite-1 [55]
have been reported for DRM. A comparison of DRM activity at 800 °C between a
core-shell Ni@SiO2 and a yolk-shell Ni@SiO2 showed a higher specific activity for
the yolk-shell catalyst, while the turnover frequencies remained similar, indicating
that the increase in DRM activity was a result of the higher exposed Ni surface area
in the yolk-shell catalyst than the core-shell catalyst [48]. However, rigorous studies
comparing the DRM performance of core-shell and yolk-shell structures, keeping
all other parameters constant, are still largely missing.

However, because of the empty space in yolk-shell structures, there is also limited
interaction between the core and the shell. So, the benefits of bifunctional catalysis
and promotion ofCO2 activation by the support is very limited in yolk-shell structures
compared to the core-shell morphology.

The coke suppression capacity of yolk-shell or hollow structures is also different
from that of core-shell structures. The presence of the shell on themetal nanoparticles
in core-shell structures provides steric hindrance to the growth of carbon nanotubes,
thereby almost eliminating filamentous coke formation. Thus, coke on core-shell
catalysts, if formed, are amorphous or encapsulating coke [56]. On the other hand, the
void space in yolk-shell or hollow structures may allow for the growth of filamentous
carbon inside the structure. Filamentous carbon formationmay lead to the detachment
of the metal nanoparticles from the support, and in certain cases, can even break the
shells of the hollow structures, leading to the collapse of the structure. However, it
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should be noted that several factors decide whether growth of carbon nanotubes will
occur inside the yolk-shell structure or cause the structure to rupture—such as the
size of the metal nanoparticles, strength of metal-support interaction, thickness of
the shell, and reaction conditions. Overall, both core-shell and yolk-shell structures
have certain advantages and disadvantages, and careful structure optimization needs
to be done, keeping in mind the trade-offs of each morphology.

While the term ‘core-shell’ or ‘yolk-shell’ were originally coined for concentric
sphere-in-sphere architectures, recent developments have indicated certain benefits of
using different shapes. For example, in Ni@SiO2 yolk-shell structures with multiple
Ni nanoparticle yolks encapsulated by a hollowSiO2 shell, it was shown that a tubular
shell with an elongated cavity was more effective in preventing coke in DRM than a
spherical shell [57]. The Ni nanoparticle yolks were embedded along the wall of the
shell. The elongated cavity in tubular shells provided a higher spatial separation of
the multiple Ni yolks and prevented their agglomeration over time, while the more
closely spaced yolks inside the spherical shell sintered into a bigger nanoparticle
that supported coke formation. Thus, one-dimensional hollow structures appear to
provide higher segregation and resistance to sintering in multi yolk-shell structures
than the zero-dimensional spherical counterpart. Several studies have reported good
DRM performance of multi-Ni@SiO2 nanotube catalysts, wherein Ni nanoparticles
are segregated and confinedwithin the internal cavity of silica nanotubes [58, 59]. The
nanotube structure with two open ends may also facilitate the diffusion of reactants
and products to and from the confined metal nanoparticles, but the lower thermal
stability of such structures at high temperatures needs to be taken into consideration.

Another recent development in core-shell morphology are sandwichedmulti core-
shell structures, some examples of which are mentioned in Sect. 8.3.1.2. In this
structure, multiple active cores are embedded between two layers of the same or
different materials [10, 33, 46, 59]. One of the benefits of such sandwich structures
over typical core-shell morphology is that the metal nanoparticle cores can share
interface with two materials with distinct and unique properties, which allows a
higher flexibility in optimum catalyst design. Another possible benefit is easier and
more facile synthesis than typical core-shell structures. The synthesis of core-shell
structures often involves complex and elaborate recipes involving multiple steps.
The synthesis of core nanoparticles by colloidal synthesis and the confinement of the
individual colloidal nanoparticles inside uniform shells requires precise control and
is characterized by low material yield and scalability. Sandwiched multi core-shell
structure synthesis typically involves deposition of a shell material on a supported
core/support composite by sol–gel, precipitation, or hydrothermal methods and is
less complicated and possibly more scalable than the typical core-shell synthesis.
Detailed techno-economic analyses are required to assess the scalability and practical
potential of various types of core-shell catalysts.
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8.3.2.4 Composition

Metal nanoparticles that are DRM-active constitute the cores of core-shell catalysts
in DRM. Ni has been the most studied core material because its high DRM activity
and low cost is challenged by its high tendency to form coke. However, there are
also examples of other metals including noble metals like Pt [55], Pd [19], etc. and
non-noble metals like Co [49] being used in core-shell catalysts for DRM. Bimetallic
cores have also been used, e.g., NiCo@SiO2 [29, 30], NiFe@SiO2 [60], NiCu@SiO2

[18], RuCu@SiO2 [50], NiPt@SiO2 [31], etc. Bimetallic core-shell structures can
be synthesized by routes similar to those used for monometallic structures and can
provide enhanced activity or selectivity in DRM by virtue of the synergy of the two
metals. Transition metals such as Fe and Co are more oxophilic than Ni and can
thus help in suppressing coke formation, when alloyed with the Ni core [29, 60].
However, the DRM activity of such alloys may be lower than that of Ni [43], and
careful optimization of the alloy composition is needed to maximize both activity
and stability of the resultant core-shell catalyst [7]. Alloying Ni with Cu in appro-
priate proportions has been reported to improve H2 selectivity and yield in DRM in
NiCu@SiO2 catalysts [18]. Alloying Ni with noble metals such as Pt and Ru can
increase the intrinsic DRM activity and also reduce coking by a dilution effect on the
surface Ni ensemble size [7]. As per literature reports so far, the synergistic effects
of alloying in conventional supported bimetallic catalysts may be expected to apply
in a similar manner to core-shell systems.

As discussed in Sect. 8.3.1.2, the composition of the shell may determine the
mechanism of CO2 activation and coke oxidation during DRM. The literature of
core-shell catalysts for DRM is dominated by materials with SiO2 shells because of
the ease of synthesis and high thermal stability, but silica is chemically quite inert
and does not participate in the reaction. Some recent investigations have reported
other shell materials, which can also activate the reactants and facilitate bifunctional
reactions in addition to providing sinter-resistance.

Redox materials such as CeO2 [10, 22] and ZrO2 have been used as shells in
core-shell structures, as discussed in Sect. 8.3.1.2. Improved CO2 activation by these
shells by virtue of the redox nature was shown to further reduce coke formation in
DRM. Core-shell catalysts with alumina shells have also been reported for DRM [24,
61–63]. Baktash et al. [24] used ALD to synthesize Ni@Al2O3 and observed that five
cycles of ALD yielded an Al2O3 layer a few nanometres thick that was sufficient to
prevent Ni particle sintering at temperatures up to 800 °C. However, the Ni@Al2O3

catalyst formed coke and deactivated at lower reaction temperature of 525 °C, at
which coke formation is thermodynamically more favored. Similarly, some coke
formation was also reported in Ni@Al2O3 catalysts synthesized by other techniques
[61]. It is likely that the acidic properties of alumina is responsible for the observed
coke deposition, despite the core-shell structure and resistance to sintering. Alumina
has been reported to facilitate the activation and decomposition of methane on metal
sites. A high rate of methane decomposition, when not balanced by a fast carbon
oxidation kinetics, can lead to deposition of coke. Ni@TiO2 structures have also
been applied for DRM [64, 65]; however, there are limited investigations and limited
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evidence of the effectiveness of a TiO2 shell in inhibiting sintering or coke formation
in DRM.While choosing thematerial for the shell, it is important to consider both the
catalytic properties of the material (acidic/basic/redox, etc.) and its thermal stability.
For example, even though TiO2 is a reducible support capable of activating CO2, it
was observed that a TiO2 shell in Ni/SiO2@TiO2 was unable to maintain its structure
during DRM at 800 °C, whereas Al2O3, ZrO2, MgO, and SiO2 shells were stable
and effective in preventing sintering [66]. Given the high stability and effectiveness
of silica shells in preventing sintering, some researchers have reported silica coated
core-shell catalysts with the doping of appropriate materials in the shell or core to
promote the bifunctional mechanism. For example, NiCe@SiO2 [53], Ni@SiO2–
CeO2 [67], NiZr@SiO2 [68] catalysts have been reported where small amounts of
Ce and Zr has been added to promote CO2 activation, while using silica shells to
ensure thermal stability.

8.3.3 Summary of Recent Studies in Core-Shell Catalyst
Development for DRM

Overall, the main advantages of core-shell catalyst in dry reforming reaction are
higher catalyst stability and lower rate of coke deposition by virtue of reduced metal
particle sintering and increased metal-support interfacial contact. A comprehensive
summary of recent developments in core-shell catalyst synthesis and application in
CO2 reforming of methane is presented in Table 8.1.

Many of these studies listed in Table 8.1 have demonstrated long-term stability of
the reported core-shell catalysts in DRM for 100–1000 h onstream, with relatively
low amount of coke formation. Comparatively, conventional supported catalysts are
characterized by lower stability and high coke formation. For instance, a supported
commercial Ni-containing steam reforming catalyst (HiFUELTMR110, Alfa Aesar)
was reported to accumulate more than 0.32 gcoke/gcat within 6.4 h of DRM reaction
at 850 °C [17]. This is not to say that stable supported catalysts have not been
reported for DRM; several recent studies have reported various strategies to stabilize
supported catalysts also for extended testing in DRM [69, 70]. However, for catalysts
with similar composition, a catalystwith core-shellmorphology is generally observed
to be more stable and coke resistant than a supported one. Recent progress in core-
shell catalyst development has also shown promising performance in dry reforming
at coke-favoring operating conditions, such as lower reaction temperature and high
CH4/CO2 content in feed, which are often too harsh for operation with supported
catalysts [10, 33, 71]. Also, as discussed in Sect. 8.3.1.3, core-shell structures have
also been shown to fare better in catalyst regeneration cycles than supported catalysts
[47].

In terms of activity, some reports indicate lower reactant conversions on core-
shell catalysts than on conventional catalysts. This may be a result of fewer exposed
active sites and diffusion limitations imposed by the shell in core-shell structures.
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However, the intrinsic activities or turnover frequency (TOF) of core-shell materials
have mostly been reported to be much higher (by almost one order of magnitude)
than those of supported catalysts [5]. It is possible that the increased interface area
between the metal core and the shell and the subsequent metal-support interaction in
the encapsulated core-shell structuremaymodify the nature and electronic state of the
metal sites for DRM, thereby enhancing their activity. The nano-reactor morphology
and the effects of differences in local reactant and product concentrations inside the
confined space of the core-shell sub-units compared to the bulk concentrations may
also play a role in the observed catalytic activity. However, it is important to note
that some of the TOF values reported may not be the true intrinsic activity because
of interferences from equilibrium/transport limitations, or from the challenges in
accurately measuring the density of active catalytic sites in core-shell catalysts under
relevant conditions. Much of the fundamental catalytic phenomena occurring at the
interface in confined core-shell structures are not yet understood fully and further
investigations probing the effects of the core-shell structure on catalytic activity are
required.

8.4 Outlook and Conclusion

In summary, core-shell catalysts exhibit good catalytic performance in CO2

reforming of methane by suppressing particle sintering under reaction conditions,
inhibiting the growth of filamentous coke, providing flexibility in integrating mate-
rials with bifunctional catalytic properties in coke removal, enhancing metal-support
interface area and facilitating easier catalyst regeneration. However, the superior
performance of core-shell catalysts come at a price. Core-shell structures are more
complex than conventional supported catalysts, and the synthesis processes of these
catalysts are complex, multi-step, and potentially muchmore expensive than those of
conventional catalysts used industrially. It is, hence, crucial to develop cost-effective,
scalable, and continuous synthesis techniques for core-shell structured catalysts. So
far, there are limited studies focusing on improving the scalability and economics of
core-shell catalyst synthesis. Some recent reports have proposed simpler techniques
to create encapsulated structures (by self-assembly, gas treatments, flame synthesis,
etc.) [63, 72, 73], which may lack the precision of typical core-shell catalysts but
may still provide the necessary functionality. Given that the functional superiority
of core-shell catalysts in DRM has been relatively well established by now, the
time is probably ripe to attempt the scale-up and commercial utilization of such
materials. Detailed techno-economic analyses and extensive benchmarking work is
also required to assess whether the replacement of conventional materials by core-
shell catalysts in CO2 reforming reaction is justified by their potentially superior
performance.
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Another area for further development of core-shell catalysts involves the design
of innovative core-shell structures that can circumvent some of the inherent chal-
lenges of such materials such as blockage of active sites and mass transfer limita-
tions. Several factors that can be modified to address these challenges, such as shell
thickness, porosity, and presence of cavities inside the shell have been discussed in
Sect. 8.3.2. However, while the chemistry of silica synthesis is mature enough to
allow such tunability of structure and morphology of silica-based core-shell cata-
lysts, the same is not true for all other materials. Thus, there is significant scope for
further development of versatile synthesis techniques applicable to a wide range of
materials. New synthesis strategies may also be explored to minimize the adverse
effects of the shell on catalytic activity; for example, one study attempted to selec-
tively deposit the shell material around themetal nanoparticles to provide segregation
while leaving a significant portion of the active metal surface exposed [74].

Overall, core-shell catalysts have higher stabilities and coke resistance in CO2

reforming of hydrocarbons than conventional catalysts and thus have high poten-
tial for the long-term industrial application for these technologies in future. The
research area is still growing, and efforts to scale-up synthesis at competitive costs,
coupled with rigorous benchmarking studies are required for further translation of
these materials to industrial use.
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Chapter 9
Supported Core–Shell Alloy
Nanoparticle Catalysts for the Carbon
Dioxide Hydrogenation to Formic Acid

Kohsuke Mori and Hiromi Yamashita

9.1 Introduction

The chemical transformation of carbon dioxide (CO2) into synthetically valuable
compounds is of great interest in industrial chemistry because this transformation
not only reduces the emission of CO2, but also supplies valuable chemical and fuel
resources [1]. The hydrogenation of CO2 to produce formic acid (FA; HCOOH),
which is a liquid at room temperature and contains 4.4 wt% hydrogen, is a promising
approach to establish FA as a renewable hydrogen storage material since the chem-
ically stored H2 in the FA can be liberated in controllable fashion in the presence
of appropriate catalysts even at room temperature [2–6]. Thus, the design of novel
catalysts for CO2 hydrogenation to form FA is a crucial task in the realization of
economical CO2-mediated hydrogen energy cycles. The gas phase hydrogenation of
CO2 to produce formic acid has a positive free energy change [7].

CO2(g) + H2(g) → HCOOH (l), �G = +33 kJ mol−1

However, this reaction proceeds more readily in aqueous solution (CO2 (aq) +
H2 (aq) → HCOOH (aq), �G = −4 kJ mol−1). The reaction is typically performed
with the addition of a weak base, such as a tertiary amine or alkali/alkaline earth
bicarbonate, which shifts the thermodynamic equilibrium to the product side.

(CO2(aq) + H2(aq) + B →HCO−
2 (aq) + BH+(B : base),
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�G = −35.4 kJ mol−1).

Significant progress has been made utilizing homogeneous complexes in basic
media [8, 9]. However, the development of heterogeneous catalysts lags significantly
behind that of homogeneous catalysts, in spite of their practical utility [10–14], and,
to make matters worse, their use frequently requires a high catalyst concentration,
organic solvents, and extremely high pressures.

Metal nanoparticle-based catalysts are gaining increasing attention to bridge
the gap between mononuclear metal complexes and heterogeneous bulk catalysts
because of their existence on borderline molecular states with discrete quantum
energy levels [15]. Their large surface area-to-volume ratio allows effective utiliza-
tion of expensive metals. The variation in size, composition, morphology, and
supports significantly influence the catalytic activities. Additionally, the accurate
control of the geometric and electronic effect of bimetallic nanoparticles, in which
the architectural configuration of twometals is as randomalloys, segregated or a core–
shell structure, is a key technology in attaining superior catalytic performances to the
monometallic counterparts [16]. The interplay of the neighboring different metals
creates specific new catalytically active sites, which frequently enables the fine-
tuning of the geometric and electronic properties originating from synergic alloying
effects [17–20]. Moreover, the replacement of the precious noble metal nanopar-
ticles with inexpensive metals contributes to the atomic economy [21, 22]. Thus,
the successful synthesis of bimetallic nanoparticles with controllable size, shape,
and composition plays a crucial role in designing highly functionalized catalysts.
However, the insights into the promising design strategy as well as the additional
elucidation of the catalytically active species in the supported metal nanoparticles
are required.

In this section, the state of the art of the nanostructured alloy metal nanopar-
ticle catalysts, especially core–shell-type catalyst, reported for CO2 hydrogenation
to formic acid/formate is presented. The enhanced activity was demonstrated by the
discussions based on kinetic and density functional theory (DFT) calculations.

9.2 Elucidating the Catalytically Active Species
in Supported Pd@Ag Alloy Nanoparticles

The co-reduction of Pd and Ag precursors conventionally affords random PdAg
alloy nanoparticles (PdAg/TiO2) because of the complete solid solubility and similar
reduction potentials of Pd andAg ions. The precise tuning of the surface composition
of PdAg nanoparticles was performed to investigate the effect of surface-exposed
active Pd atoms in alloy NPs. By applying a surface engineering approach via the
successive reduction of metal precursors, Pd@Ag/TiO2 with a PdcoreAgshell structure
and Ag@Pd/TiO2 with an AgcorePdshell structure were synthesized [23].
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Fig. 9.1 TEM images of and elemental distributions along single NPs of a PdAg/TiO2,
b Pd@Ag/TiO2, and c Ag@Pd/TiO2 as determined by cross-sectional EDX line profiling
(Reproduced with permission from [23]. Copyright © 2018 American Chemical Society.)

As shown in Fig. 9.1, high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images demonstrated highly dispersed PdAg alloy
NPs with a narrow size distribution on the TiO2 support for all samples (Pd:Ag
= 30:70), with mean particle diameters of ca. 3 nm. This value is similar to that
obtained for the Pd/TiO2 (dave = 3.2 nm). Energy-dispersive X-ray spectroscopy
(EDX) line analysis confirmed the successful surface engineering of the NPs. In the
case of PdAg/TiO2, both Pd and Ag were situated on the same particles, confirming
the formation of a random PdAg alloy. By contrast, Pd atoms were preferentially
located in the core region, and the Ag atoms were situated in the shell region in the
Pd@Ag/TiO2. Conversely, the Pd and Ag atoms had the opposite distribution for the
Ag@Pd/TiO2.

In the XPS spectra, the Pd 3d peaks of all PdAg samples were shifted to lower
binding energies than those of the Pd/TiO2, and this shift was decreased in the order
of Pd@Ag/TiO2 > PdAg/TiO2 > Ag@Pd/TiO2. Thus, the Pd atoms in the PdAg NPs
were obviously electron enriched by the charge transfer from Ag atoms owing to
the net difference in ionization potential between the two metals (Pd: 8.34 eV, Ag:
7.57 eV). A similar tendency in the electronic state of the Pd species was observed in
the FT-IR experiments using CO as a probe molecule. Monometallic Pd/TiO2 gener-
ated two distinct peaks assignable to the linear and bridging stretching vibrations of
adsorbed CO at 2076 and 1943 cm–1, respectively. The contribution of bridging-type
CO decreased as the Pd/Ag ratio was lowered, and was completely absent in the
case of the Pd@Ag/TiO2, suggesting the isolation of Pd atoms. Additionally, linear-
type CO was predominantly observed for all samples, and the peaks were gradually
shifted to lower wavenumbers with decreases in the Pd/Ag ratio.

Figure 9.2 shows the comparison of catalytic activity in the CO2 hydrogenation.
The Pd@Ag/TiO2 exhibited an elevated TON (2,496) based on the total quantities
of Pd employed despite the low density of surface-exposed Pd atoms. As expected,
a maximum TON value of 14839 was obtained from the Pd@Ag/TiO2 based on
the quantity of surface Pd atoms, which was determined by pulsed CO adsorp-
tion measurements. This TON value is more than ten times higher than that of the
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Fig. 9.2 a Comparison of the catalytic activities of a series of supported PdAg catalysts with
different surface compositions and Pd/TiO2 during CO2 hydrogenation. b Relationship between
the TON for CO2 hydrogenation based on surface-exposed Pd atoms (as determined by CO pulse
adsorption) and the Pd 3d binding energy (as determined by XPS) (Reproduced with permission
from [23]. Copyright © 2018 American Chemical Society.)

monometallic Pd/TiO2. Moreover, a good correlation between the TON based on
surface Pd atoms and the Pd 3d5/2 binding energy determined by XPS analysis is
evidently observed (Fig. 9.2b).

In this study, the enhancement of activity by alloying was well evidenced based
on the DFT calculations, employing Pd22, Pd11Ag11, and Pd6Ag16 clusters as models
for monometallic Pd and alloy nanoparticles (Fig. 9.3). The CO2 hydrogenation over
Pd22 is initiated by the dissociation of H2 to form a metal-hydride species via TSI/II
with a barrier of 13.9 kcal/mol (step 1). Next is the adsorption of HCO3

– to produce
intermediate III (step 2), followed by the attack of H atom to the C atom of HCO3

–

via TSIII/IV, with a barrier of 77.4 kcal/mol (step 3). Finally, the formate that is
produced accompanied by H2O regenerates the initial active species (step 4). The
activation energies for step 1 using Pd11Ag11 and Pd6Ag16 clusters, were 11.9 and
11.0 kcal/mol, respectively, which were similar to that obtained with the Pd22. On
the other hand, the reduction of HCO3

– via TSIII/IV occurs with a barrier of 58.7 and
46.2 kcal/mol for Pd11Ag11 and Pd6Ag16, respectively. These results show that the
rate-determining step is step 3, and further demonstrate that the importance of low
Pd/Ag ratio of the PdAg alloy nanoparticles in boosting the rate-determining step.

The kinetic analysis further supported the above results. In the case of a reaction
under a flow of H2 andD2 through the catalyst, the TOF for HD formationwas almost
independent of the surface composition. On the contrary, the effect of the HCO3

–

concentration was greatly dependent on the surface composition. The reaction rate
decreased in the order Pd/TiO2 (0.67) > Ag@Pd/TiO2 (0.36) > PdAg/TiO2 (0.33) >
Pd@Ag/TiO2 (0.22), which is consistent with the TON values based on the quantity
of surface-exposed Pd atoms for the CO2 hydrogenation.

This can be well explained by considering the electronic state in reaction interme-
diate III (Fig. 9.4). Mulliken atomic charges of Pd atoms decrease in the order of –
0.115 (Pd22) > –0.168 (Pd11Ag11) > –0.216 (Pd6Ag16), which consequently decreases
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Fig. 9.3 a Possible reaction mechanism for CO2 hydrogenation to formic acid. b Potential energy
profiles as determined by DFT calculations for Pd22, Pd11Ag11, and Pd6Ag11 cluster models
(Reproduced with permission from [23]. Copyright © 2018 American Chemical Society.)

the electronegativity of the dissociated hydride species on the Pd atoms. Contrast-
ingly, the electronic charges of the C atoms of the adsorbed HCO3

– are almost
constant for all models, while keeping their positive charges. Thus, the hydride
species on the Pd6Ag16 with more negative charge easily attack the C atoms of
the adsorbed HCO3

–, while a higher activation energy is necessary in the reaction
between the less negative hydride species on the Pd22 and the positively charged C
atoms. It can be concluded that isolated and electron-rich Pd atoms created with the
aid of neighboring Ag atoms explain the enhanced activity, which provides advanced
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Fig. 9.4 Representative Mulliken atomic charges in the reaction intermediate III as determined
by DFT calculations for a Pd22, b Pd11Ag11, and c Pd6Ag11 cluster models (Reproduced with
permission from [23]. Copyright © 2018 American Chemical Society.)

insights into the architecture of catalytically active sites for CO2 hydrogenation to
FA.

9.3 Interfacial Engineering of PdAg/TiO2
with a Metal–Organic Framework

In the drive to improve catalytic performances during CO2 hydrogenation to produce
FA, PdAg/TiO2 was further modified with an MOF using a facile pretreatment
method. A zeolitic imidazolate framework (ZIF-8), a product of the reaction between
Zn2+ and 2-methylimidazole, was chosen as a modifying agent because of its high
chemical and thermal inertness in aqueous solution, suitable mechanical stability
even under high-pressure conditions, and ready synthesis at room temperature. The
time allowed for the growth of theZIF-8was varied between 10min and 3 h, affording
a series of PdAg/TiO2@ZIF-8. A schematic procedure is illustrated in Fig. 9.5 [24].

Because of the lower content of ZIF-8 (0.7 wt% from CHN elemental analysis)
and its high dispersity on the support, the PdAg/TiO2@ZIF-8 exhibited only peaks
due to rutile TiO2, with no characteristic peaks assignable to ZIF-8 or the PdAg
NPs in the XRD pattern. No significant differences were observed in the surface
area (SBET = 137.5 m2 g–1 for PdAg/TiO2 and 125.9 m2 g–1 PdAg/TiO2@ZIF-8),
suggesting that a very thin coating of ZIF-8 had been applied.

X-ray photoelectron spectroscopy (XPS) analysis showed the peak due to Zn
2p3/2 and Zn 2p1/2 at 1022.7 and 1045.8 eV, respectively. Peaks due to C–NH– and
C=N– bonds in imidazole groups were also clearly seen in the N 1 s region at
399.7 eV. Scanning transmission electron microscopy (STEM) images confirmed
that the PdAg/TiO2 was covered with a thin shell of ZIF-8 having a thickness of
approximately 1.6 nm. Elemental mapping further demonstrated that Zn, C, and N
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Fig. 9.5 A schematic illustration of the synthesis of PdAg/TiO2@ZIF-8 (Reproduced with
permission from [24]. Copyright © 2020 American Chemical Society.)

atoms, which were originated from ZIF-8 layer, were highly dispersed throughout
the material. From the results of XAFS, a cross-sectional EDX line profile, and high-
resolution TEM image, it is evident that the PdAg alloy NPs retained their original
structure even after coating with the ZIF-8 layer.

The PdAg/TiO2 without modification showed a TON of 488 at 6 h. In contrast,
the PdAg/TiO2@ZIF-8 specimen synthesized using a ZIF-8 growth time of 30 min
exhibited the highest TON of 913 together with >99% selectivity, which is almost
twice that of the unmodified material. Additionally, the catalytic activity was greatly
affected by the growth time, such that the highest TON was obtained at 30 min, with
decreases in the TON when longer times were applied. This volcano-type variation
in activity suggests the formation of a uniform ZIF-8 layer on the surface of the
PdAg/TiO2 as well as a synergistic effect originating from integration with the ZIF-8.

Another important influence for the modification with ZIF-8 is the anchoring
stabilization effect that inhibits the undesired agglomeration ofNPs,which ultimately
enhances the durability of the catalyst. In trials with the PdAg/TiO2, the catalytic
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activity gradually decreased with continued use, such that the activity was reduced
by half during the second recycling experiment. Conversely, the PdAg/TiO2@ZIF-8
retained its original activity. Thus, each catalyst was isolated after catalytic reaction
and subjected to TEM analysis for comparison of the average particle sizes with
the initial particle sizes. The significant enlargement can be observed in the case
of unmodified PdAg/TiO2, where the average diameter of the isolated catalyst was
determined to be 8.9 nm, which was almost twice that of the initial particle diameter.
In contrast, PdAg/TiO2@ZIF-8 catalyst suppressed the particle growth; the mean
particle diameter after the reaction was determined to be 5.1 nm, which increased
by only 6% compared with that of the initial catalyst particles, thus preserving their
intriguing properties in catalysis applications.

To better understand the positive effect of ZIF-8 modification, adsorption energy
(Ead) of HCO3

– on PdAg surface and Mulliken atomic charges of selected atoms
for the reaction intermediate in the rate-determining step were determined by
DFT calculations (Table 9.1). Here, three representative models were considered
for the calculation. These include PdAg(111) and PdAg(111) interacted with
building unit of ZIF-8 framework (two 2-methylimidazole linked with Zn2+ ion)
in two different configurations. As expected, the Ead of both configurations for the
PdAg(111) interacted with the building unit of ZIF-8 framework was estimated to
be −133.9 and −185.2 kcal/mol, respectively, which are larger than that on the pris-
tine PdAg(111) (Fig. 9.6a vs. b and c). In the lowest-energy adsorption structure,
2-methylimidazole ring vertically interacts with surface metal atoms. According to
the Brønsted–Evans–Polanyi (BEP) relationship, the larger Ead of the reaction inter-
mediate on the metal catalyst corresponds to a lower reaction barrier. Such changes
in the adsorption capacity accordingly alter the electronic charges of the C atoms of
the adsorbed HCO3

–, as shown in Table 9.1. In contrast, the electronic charges of the
dissociated hydride species on the Pd atoms are almost constant for all calculation
models. Therefore, the more positively charged C atoms of the adsorbed HCO3

– will
tend to undergo the attack by the dissociated hydride species. It can be concluded
that the electronic effect resulting from the interplay of the neighboring ZIF-8 unit
explains the enhanced activity for CO2 hydrogenation.

Table 9.1 Adsorption energy values (Ead) for HCO3
− and representative Mulliken atomic charges

as determined byDFT calculations involving the reaction intermediates in the rate-determining steps
for bare PdAg (111) and PdAg (111) with the ZIF-8 framework (including two 2-methylimidazole
molecules bonded to a Zn2+ ion) in two different configurations

Sample Ead of HCO3
− (kcal/mol) Atomic charge

C atom of HCO3
− H atom

H1 H2

PdAg (111) −121.5 0.633 0.044 0.032

PdAg (111) + ZIF-8 (1) −133.9 0.665 0.041 0.020

PdAg (111) + ZIF-8 (2) −185.2 0.730 0.043 0.019
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Fig. 9.6 DFT-optimized configurations for dissociated H atoms and HCO3
– ions adsorbed on

a PdAg (111) and b and c PdAg (111) with the ZIF-8 framework (showing two 2-methylimidazole
molecules bonded to a Zn2+ ion) in two different configurations (Reproduced with permission from
[24]. Copyright © 2020 American Chemical Society.)

9.4 Encapsulation of PdAg Nanoparticles Within ZIF-8
Framework with Core–Shell Structure

To overcome the general problems of the aggregation of supported metal NPs on the
external surface of MOFs and damage of MOFs during the post-reduction process,
a facile method to encapsulate metal NPs within MOFs has been developed. This
“bottle around ship” approach involves the growth of ZIF-8 core at the initial stage
by using 2-methylimindazole (Hmin) as an organic linker and Zn2+ as a connecting
center, loading the PdAg NPs on the external surface of ZIF-8 core, and coating the
PVP stabilized PdAg alloy NPs with ZIF-8. Figure 9.7 illustrates the synthetic route
for the fabrication of ZIF-8@PdAg@ZIF-8 catalyst [25].

The diffraction pattern of ZIF-8@PdAg@ZIF-8 sample is similar to that of pure
ZIF-8. This suggests that the encapsulation of PdAgNPswithin ZIF-8 did not change
the framework structure. However, the intensities of diffraction peaks areweaker than
those of pure ZIF-8, which is because the encapsulated PdAg NPs cause the disorder
in MOFs crystal. In addition, the diffraction peaks assigned to Pd and Ag cannot
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Fig. 9.7 Schematic illustration for the synthesis of ZIF-8@PdAg@ZIF-8

be observed, because of their low content and small particle size. The pure ZIF-
8 shows a type-I isotherm with completely reversible isothermal in the N2 sorption
analysis,which is a typical feature ofmicroporousmaterials. TheBrunauer–Emmett–
Teller (BET) surface area determined by N2 adsorption-desorption is 1110 m2 g−1.
Meanwhile, ZIF-8@PdAg@ZIF-8 has a similar isotherm to pure ZIF-8 except for
the slight decrease in the N2 uptake, which suggests the decrease of somemicropores
after the encapsulation of PdAgNPs. This resulted in a slight decrease in their surface
area to 926.3 m2 g−1. Based on such results, it is concluded that the crystallinity and
porosity of ZIF-8 are well preserved after PdAg encapsulation.

The morphologies of pure ZIF-8 and ZIF-8@Pd1Ag2@ZIF-8 are shown in
Fig. 9.8. Pure ZIF-8 displays a rhombic dodecahedral morphology and the particle
size is about 350 nm. Meanwhile, the morphology of ZIF-8@Pd1Ag2@ZIF-8 did
not show obvious change. It should be noted that the external surface of ZIF-
8@Pd1Ag2@ZIF-8 is very smooth, which indicates that the PdAgNPs are not loaded
on the external surface of ZIF-8. From the TEM images, tiny PdAg NPs with a mean
diameter of 2.8 nm can be observed, which was covered by a thin shell of ZIF-8, and
the shell thickness was measured to be ca. 5 nm.

The ZIF-8@Pd1Ag2@ZIF-8 samples showed the highest catalytic activity among
all samples, affording 16.68 mmol g−1

(catal.) after 24 h, almost two times the FA amount
produced over ZIF-8@Pd3@ZIF-8 under the identical reaction condition.

The poor catalytic performance was obtained on PdAg/ZIF-8 without core–shell
structure. This is due to the large particle size of PdAgNPs,whose diameterwas deter-
mined to be 10.5 nm. In comparison, ZIF-8@Pd1Ag2@ZIF-8 exhibited improved
catalytic activity, which can be ascribed to the high dispersibility of PdAg NPs
within ZIF-8 and the positive effect of the thin shell in protecting PdAg NPs during
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Fig. 9.8 SEM images of a pure ZIF-8 and b ZIF-8@Pd1Ag2@ZIF-8, and c TEM image and d size
distribution diagram of ZIF-8@Pd1Ag2@ZIF-8

the reaction process. The catalyst was recovered from the reaction solution by using
centrifugation and wash with water. TEM image of ZIF-8@PdAg@ZIF-8 after reac-
tion showed that thePdAgNPs are stillwell dispersedwithinZIF-8, and no significant
aggregation occurred.Moreover, the recycledZIF-8@PdAg@ZIF-8 could be re-used
at least three times without significantly loss in activity. Based on the above result,
it is clear that the presented synthetic approach has advantages for overcoming the
general problems of the aggregation of metal nanoparticles on the external surface
of MOFs and damage of MOFs during the post-reduction process, leading to the
enhanced catalytic activity for CO2 hydrogenation to produce FA.

9.5 Summary and Outlook

By tuning the surface-exposed Pd atoms in the alloy NPs, the isolated Pd atoms
surrounded by large amount of Ag atoms in Pd@Ag/TiO2 performed as an efficient
catalyst for theCO2 hydrogenation to FAeven under low-pressure conditions.Kinetic
and DFT calculations evidenced the enhanced electronegativity was found to facili-
tate the rate-determining reduction step of the adsorbed HCO3

– species. Moreover,
the positive effects imparted by the interfacial modification of PdAg/TiO2 with ZIF-
8 and the encapsulation of PdAg NPs within the ZIF-8 Framework with core–shell
structure were demonstrated. These studies not only provide advanced insights into
the architecture of catalytically active centers for CO2 hydrogenation to FA based on
the surface engineering approach, but also emphasizes the importance of the inter-
facial surface engineering of catalysts for further improvement. Nevertheless, there
are still some lacking aspects that should be tackled in future investigations. One of
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the principal issues is their insufficient stability and long durability under reaction
conditions, which should be absolutely improved to meet the practical application
criteria while preserving the unique surface characteristics of NPs. Further improve-
ment is needed to develop reliable catalysts, which meet the practical application
criteria in terms of efficiency, cost, and reusability, which will open a new avenue
for environmentally benign CO2-mediated hydrogen storage/release systems.
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Chapter 10
Core–Shell Confinement
MnCeOx@ZSM-5 Catalyst for NOx
Removal with Enhanced Performances
to Water and SO2 Resistance

Honggen Peng, Guiying Li, and Taicheng An

10.1 Introduction

Nitrogen oxides (NOx, mainly existed as NO and NO2) have become a global envi-
ronmental problem during the last decades, because of their participation in the
formation of acid rain, haze, and ozone [1–4]. The selective catalytic reduction of
NOx by ammonia (NH3-SCR of NOx) is the most efficient technology for the elim-
ination of NOx from various vehicle and stationary sources [5], and the standard
NH3-SCR reaction is expressed as follows (Eq. 10.1):

4NH 3 + 4NO + O2 → 4N2 + 6H2O (10.1)

To increase energy efficiency and satisfy the practical application, the low-deNOx

technology through NH3-SCR reaction (150–300 °C) is considered as one ideal
method to control NOx emissions at low temperatures. Therefore, developing one
kind of high-performance, low-temperature active deNOx catalyst is urgent. The
commercialized V2O5/WO3/TiO2 and V2O5/MoO3/TiO2 catalysts have a limited
application, owing to their active temperature window is too narrow and too high
(300–400 °C). Importantly, the vanadium species involved in these catalysts are
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harmful to human health [6–8]. Thus, many researchers played much effort to design
and synthesize new deNOx catalysts, including the traditional transitionmetal oxides
or mixed metal oxides (non-vanadium catalysts) and the active metal (Cu, Fe, Co,
etc.) exchanged zeolites [9, 10].

The Mn-based mixed metal oxides have received much attention because of their
abundant active oxygen species and superior redox performance [11]. In addition,
cerium oxide (CeO2) is considered as a good catalyst promoter and plays a key role
in NH3-SCR of NOx reaction due to its superior oxygen storage/release capacity [8,
12–14]. However, the sulfur dioxide (SO2) poisoning is still one critical hindrance
for the commercial application of Mn-based catalysts [15–17]. Lots of researches
have verified that the Mn-based mixed metal oxides are readily deactivated by the
poisoning of SO2, especially at the low reaction temperature [18, 19]. On the one
hand, the formation of ammonium sulfates (NH4HSO4 and (NH4)2SO4) can enclothe
the active sites and block the pores in catalysts, thereby preventing the absorption
and activation of NH3. On the other hand, when the feed gases contain SO2, the metal
oxide is changed to metal sulfate, which evidently reduces their deNOx activities.
Although the ammonium sulfates can be degraded by the simple thermal treatment
process at relatively high temperatures, the process for the formation ofmetal sulfates
is irreversible [12, 20, 21].

Silica-alumina zeolites, e.g., ZSM-5 withMFI crystal structure, have been widely
applied as the support of metal or metal oxides, owing to their high specific surface
areas and hydrothermal and thermal stability [22–25]. Our group has studied the
encapsulating Pd-Ce mixed oxide nanowire into a silica sheath (Pd-Ce NW@SiO2),
which has been proved to be an effective method to protect active centers from SO2

poisoning [26]. The silica sheath can efficiently retard the SO2 poisoning to the
catalyst. Ran and coauthors prepared a series of MnOx-CeOx oxides supported on
ordered mesoporous silica (SBA-15) and found that this kind of catalysts displayed
improved resistance to SO2 [27]. Dong and coauthors also found that the pore size
in the catalyst could affect their sulfur resistance [28]. Using zeolite ZSM-5 as the
carrier of manganese and cerium displayed excellent activity and stability for NH3-
SCR of NOx [11, 29]. However, the sulfur poisoning of the active sites is still a
challenge. Thereby a new structure for separating the active sites from toxic species
needs to be developed and constructed. Constructing a novel core-shell structure to
limit or retard the adsorption of SO2, the SO2 poisoning, could be alleviated to some
extent [13, 26, 27].

In this chapter, [30] a novel core-shell structured Mn-CeOx deNOx catalyst was
designed and successfully prepared, which is the mesoporous ZSM-5 zeolite
enveloping the Mn-CeOx mixed oxides (MnCeOx@Z5) through a one-pot two-step
method.MnCeOx@Z5 catalyst exhibited superior deNOx activity and N2 selectivity.
Importantly, MnCeOx@Z5 also exhibited enhanced water resistance, and the zeolite
shell’s shielding effect could also alleviate the SO2 poisoning.
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10.2 Results

10.2.1 Physicochemical Performance of Catalysts

The morphology of the mesoporous ZSM-5 zeolites confined MnCeOx

(MnCeOx@Z5) and related catalysts was confirmed by the transmission electron
microscopy (TEM) technique. It is evident that the precursor (MnCeOx@Al-SiO2)
had a worm-like core-shell morphology, in which the amorphous Al-SiO2 shell grew
along theMnCeOx mixedmetal oxides nanowires [26, 30–32]. Subjected to a dry-gel
crystallization process, the amorphous Al-SiO2 was converted to a zeolite shell. The
original TEM images of MnCeOx@Z5 catalyst are presented in (Fig. 10.1a–c). One
can observe that the sample has similar morphology of ZSM-5 zeolite [33–35]. The
high-resolution TEM in Fig. 10.1d confirmed that the MnCeOx cores are enveloped
in the zeolite. To more clearly visualize the interior structure of MnCeOx@Z5, the
Electron Tomography characterization for the MnCeOx@Z5 sample was performed.
Figure 10.1e and f shows the tomogram-section high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) images of MnCeOx@Z5.
Evidently, these images verified that the MnCeOx cores are indeed enveloped in the
inner of the zeolite shell with a watermelon-like morphology [36]. For the conven-
tional supported MnCeOx/Z5 catalyst, the MnCeOx species were supported on the
outer surfaces of ZSM-5. Interestingly, a large amount of mesopores were observed,

Fig. 10.1 The TEM a–c, and high-resolution (HR)TEM (d) and the tomogram-section AC-
HAADF-STEM images e–f of MnCeOx@Z5. The yellow circles highlight the mesopores and the
white circles highlight the MnCeOx species. Reproduced with permission from ref. [30] Copyright
2020 Elsevier
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Fig. 10.2 The HAADF-STEM image (a), EDX elemental mapping images (b–f), and the line scan
of MnCeOx@Z5 (g–i). Reproduced with permission from ref. [30] Copyright 2020 Elsevier

which demonstrates that the as-prepared catalyst has micropores and mesopores
together. The existence of additional mesopores might have a positive effect on the
decomposition of NH4HSO4 [28, 37].

The HAADF-STEM and the energy-dispersive X-ray spectroscopy (EDX)
elemental mapping technologies were adopted to confirm the component and disper-
sion of MnCeOx species in MnCeOx@Z5. It is obvious that the Si, Al, Mn, and
Ce species were homogeneously dispersed over one catalyst particle (Fig. 10.2b–e)
and the Mn species were overlapped with the Ce species (Fig. 10.2f). To further
confirm this confinement structure, the line scan measurement was performed, and
the results are presented in Fig. 10.2h–i. TheMn and Ce signal was overlapped at the
same positions, which indicates the Mn and Ce species were uniformly dispersed in
MnCeOx@Z5 at the same position.

The powder X-ray diffraction patterns (XRD) of confined MnCeOx@Z5 catalyst
and the related samples are displayed in Fig. 10.3. The diffract peaks about MnCeOx

(Fig. 10.3a) are assigned to ceria with the cubic fluorite crystal structure. The pattern
ofMnCeOx@Al-SiO2 precursor presented inFig. 10.3b just has one broaddiffraction
peak between 15 and 35°, which should be attributed to the amorphous silica. After
the dry-gel crystallization process, the as-prepared amorphous Al-SiO2 shell was
converted to the zeolite crystal shell. It is obvious that the typical diffraction peaks of
the MFI crystal structure were appeared (Fig. 10.3c). The pattern of the hydro-type
(H-Type) support (H-ZSM-5) and the supported catalyst (MnCeOx/ZSM-5) was also
presented in Fig. 10.3f and e, respectively, and the typical MFI crystal diffraction
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Fig. 10.3 XRD diffractograms from MnCeOx@Z5 and the related samples: MnCeOx (a),
MnCeOx@Al-SiO2 (b), MnCeOx@Z5 (c), MnCeOx/Z5 (d), and H-ZSM-5 (e). Reproduced with
permission from ref. [30] Copyright 2020 Elsevier

peaks are evidently observed. In addition, the diffraction peaks about Mn-Ce mixed
oxides species also existed (two theta degrees at ~ 28°), which demonstrates that
Mn-Ce mixed oxide species are aggregated during the calcination process.

Scattered reflection Raman characterization was performed to investigate the
surface metal-oxide structure of MnCeOx@Z5, MnCeOx/Z5, and MnCeOx@Al-
SiO2 precursor, with the results presented in Fig. 10.4. For MnCeOx/Z5, the scat-
tering peak located at 454 cm−1 was the F2g vibration of the cubic fluorite structure
of CeO2, while the scattering peak located at −650 cm−1 is assigned to the oxygen
defects [21]. While for MnCeOx@Z5 and the MnCeOx@Al-SiO2 precursor, there
was only one Raman scattering peak assigned to F2g mode. In addition, the F2g peak
was very low; evidently, the signal about MnOx was even absent and should be
attributed to most of the Mn species being enveloped by the zeolite shell. This result
is well in line with the HRTEM analysis, which indirectly demonstrates that most of
the MnCeOx species were enveloped in the inner of ZSM-5 zeolite.

The X-ray photoelectron spectroscopy (XPS) measurements were conducted to
investigate the surface composition and the element valent state of MnCeOx@Z5
and other related samples (Fig. 10.5). In Fig. 10.5a, two main peaks in the binding
energy (BE) between 635 and 660 eV should be assigned to Mn 2p3/2 and Mn 2p1/2,
respectively. The Mn 2p spectra over the enveloped MnCeOx@Z5 and supported
MnCeOx/Z5 catalysts are assigned to the Mn2+ (BE = 641.3 eV), Mn3+ (BE =
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Fig. 10.4 Raman spectra of MnCeOx@Z5, MnCeOx/Z5, and MnCeOx@Al-SiO2. Reproduced
with permission from ref. [30] Copyright 2020 Elsevier. Copyright 2020 Elsevier

Fig. 10.5 XPS spectra of a Mn 2p, b Ce 3d, and c O1s orbitals of MnCeOx@Z5 and MnCeOx/Z5
catalysts. Reproduced with permission from ref. [30] Copyright 2020 Elsevier

642.6 eV), and theMn4+ (BE= 643.9 eV) species. It is believed that theMn4+ species
can significantly impact theNOx throughNH3-SCRreaction and accelerate the oxida-
tion ofNO toNO2 and increase the deNOx activity via the “fast SCR” reaction [20, 21,
38]. It should be noted that the Mn4+ content in the confined MnCeOx@Z5 (26.8%)
was evidently higher than that in the conventionally supported MnCeOx/Z5 (20.2%)
catalyst. Thereby, the higher molar ratio of Mn4+/Mn3+ dispersed on MnCeOx@Z5
might represent more active centers [39]. In Fig. 10.5b, there are eight peaks about
Ce 3d over MnCeOx/Z5. These peaks were labeled as V and U and were assigned to
the spin–orbit of Ce 3d5/2 and Ce 3d3/2, respectively [40]. And the peaks labeled as
u (BE = 901.1 eV), u′′(BE = 908.2 eV), and u′′′ (BE = 916.6 eV) were attributed to
the Ce4+ 3d3/2, and the peaks labeled as v (BE = 882.1 eV), v′′(BE = 888.9 eV), and
v′′′ (BE = 898.2 eV) should be ascribed to the Ce4+ 3d5/2. In addition, the existence
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of Ce3+ species was also verified by the peaks BE904.8 eV) and 886.2 eV [13, 40].
The pioneer researches have proved that the content of Ce3+ can be calculated by the
formula of Ce3+/ (Ce3+ + Ce4+) [21, 39]. The content of Ce3+ over MnCeOx@Z5
(13.4%) was also higher than that of MnCeOx/Z5 (12.1%). The higher content of
Ce3+ could increase the amount of the surface active oxygen species and promote the
adsorption and activation of reactants in the deNOx reaction [41–44]. Interestingly,
the XPS results displayed a big difference between the enveloped MnCeOx@Z5 and
the conventional supported MnCeOx/Z5 catalyst. In comparison with the supported
MnCeOx/Z5 catalyst, the MnCeOx@Z5 catalyst displayed much weaker Mn 2p and
Ce 3d signals. Therefore, it is verified that theMn andCe species weremainly located
in the center of MnCeOx@Z5, and it is well in line with the aforementioned analysis
[13, 26].

Figure 10.5c displays the O1s spectra of the three samples, and the fitted three
peaks can be labeled as lattice oxygen (Oβ), chemisorbed oxygen (Oα), and adsorbed
H2O (Oα’). It should be noted that the chemisorbed oxygen in MnCeOx@Z5
(86.1%) is relatively higher than that of MnCeOx/Z5 (80.2%) [8, 45]. Generally, the
chemisorbed oxygen species are more active than that of the lattice oxygen due to
their high reaction mobility. Therefore, the high Oα ratio can accelerate NO oxidized
to NO2, and increase the deNOx activities.

The surface acidity of catalysts was another main factor affecting the deNOx

activity of NH3-SCR reaction. The temperature-programmed desorption of ammonia
(NH3-TPD) was adopted to testify the acidity of the catalyst, and in the
profile of MnCeOx@Z5 exists two ammonia desorption peaks between 100 and
350 °C(Fig. 10.6a). The desorption peaks at the low and middle temperatures were
assigned to the weak andmiddle strength of acid sites. MnCeOx/Z5 exhibited similar
desorption peaks and acid sites with MnCeOx@Z5. The acid sites over the precursor
of MnCeOx@Al-SiO2 were lower than that of enveloped MnCeOx@Z5 catalyst and
the supported MnCeOx/Z5 catalyst, which can be applied to explain the poor deNOx
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activity overMnCeOx@Al-SiO2 precursor. For comparison, theNH3-TPDprofiles of
pure silica zeolite silicalite-1 (MnCeOx@S-1), MnCeOx@Z5, and H-ZSM-5 zeolite
are displayed in (Fig. 10.6b). These three catalysts all have the same low-temperature
ammonia desorption peak, which should be ascribed to the weak acid sites. Owing
to the addition of Al species, MnCeOx@Z5 has another desorption peak located at
about 320 °C, which is absent over MnCeOx@S-1, and it should be assigned to the
middle acid sites. These results demonstrate that an aluminosilicate shell can induce
the adsorption and activation of more NH3 at a medium temperature [20, 46] and
enhance its deNOx performance.

10.2.2 DeNOx Performances

The deNOx evaluations were performed between 150 and 400 °C, and the results
are presented in Fig. 10.7a. The enveloped MnCeOx@Z5 catalyst shows good
activity at the temperature range of 200–400 °C, and the 80% NOx conversion was
obtained at about 200 °C. While the supported MnCeOx/Z5 catalyst had relatively
poor NOx reduction performance. In contrast, the MnCeOx@Z5 catalyst displayed
higher deNOx activity at the low temperature, especially at a temperature range of
150–250 °C. The MnCeOx@Al-SiO2 precursor displayed nearly no activity during
the whole measurement process, which is well in line with the previous charac-
terization. The concentration of N2O and the selectivity of N2 over MnCeOx@Z5
and MnCeOx/Z5 catalysts are displayed in Fig. 10.7b. It should be noted that the
N2O concentration over MnCeOx@Z5 catalyst was lower than that of MnCeOx/Z5
catalyst in the reaction temperature range of 150–350 °C. Thus, MnCeOx@Z5 had
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Fig. 10.7 DeNOx performance of MnCeOx@Z5 and related catalysts: a NOx conversion; b N2
selectivity and N2O concentration. Reaction conditions: [NOx] = [NH3] = 500 ppm, [O2] = 5
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better N2 selectivity in the same temperature range. For comparison, silicalite-1
enveloped MnCeOx catalyst was also applied for the deNOx activity test. Unfortu-
nately, for MnCeOx@S-1, its deNOx activity was as low as 45% NOx at 200 °C due
to its weak acid sites.

It has been established that a low amount of H2O and SO2 existed in real exhaust
conditions, which can decrease the deNOx activity of the catalysts. Therefore, the
resistance to H2O and SO2 over the MnCeOx@Z5 and MnCeOx/Z5 catalysts was
conducted. Figure 10.8a displays the deNOx activity when H2O and SO2 were intro-
duced. It can be observed that both catalysts showed stable deNOx performance in
the absence of H2O. For MnCeOx/Z5, the introduction of H2O led to a small but
detectable decrease in deNOx activity; while without any decrease observed over
MnCeOx@Z5 catalyst, which could be attributed to the hydrophobic of the zeolite
shell. It is evident that the deNOx activity over MnCeOx@Z5 just decreased from
100 to 75% even after introducing 5%water and100 ppm of SO2 together. The zeolite
shell seems to retard the deactivation of sulfur poisoning. In addition, when the SO2

and H2O are shut simultaneously, the removal rate can regenerate to about 85%.
However, for MnCeOx/Z5, its deNOx activity quickly decreased to about 40% after
introduction of H2O and SO2. These results demonstrate that the zeolite shell can
enhance the sulfur resistance during NH3-SCR reaction. Then, the temperature of the
stability test was further decreased to 200 °C to testify their low-temperatureH2O and
SO2 resistance (Fig. 10.8b). It is evident that the NOx conversion over MnCeOx@Z5
was retained ~ 60% even when SO2 and H2O were introduced together. However,
under the same conditions, the deNOx activity over MnCeOx/Z5 was decreased to
27%, which demonstrated that MnCeOx@Z5 has superior SO2 tolerance with the
confinement structure.
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10.2.3 SO2 Tolerance Mechanism Over MnCeOx@Z5

Figure 10.9a and bdisplays the in situDRIFTS spectra of 50 ppm SO2 adsorption
over the envelopedMnCeOx@Z5 and the supportedMnCeOx/Z5 catalysts at 300 °C.
When SO2 adsorbed over the MnCeOx/Z5 catalyst, the peaks located at 1382 cm−1

and 1350 cm−1 should be attributed to the surface sulfate species (Fig. 10.9b) [47–
50]. After 5min of the introduction of SO2, a broad absorption peak at 1195 cm−1 was
observed, which can be assigned to metal sulfate species SO4

2– species [51, 52]. For
MnCeOx@Z5 catalyst, it was also tested under the same adsorption conditions. Even
after 30 min of introduction of SO2, no sulfate species can be detected, including
the surface sulfate species. These results evidently demonstrate that the confined
MnCeOx@Z5 catalyst had strong SO2 tolerance, owing to the protective effect of
ceria and the shielding effect of the zeolite shell. The opportunity for contact between
the active components and SO2 was reduced, which enabled the active components
to avoid poisoning and sulfation. The conventional supported catalysts are prone to
poisoning and sulfating the active sites because lots of active sites are exposed over
the support surface. Thus, the enveloped catalysts exhibit superior sulfur tolerance
and can be adopted to design and synthesize other high-performance deNOx or
environment catalysts with good SO2 tolerance.

10.2.4 Discussion

In this chapter, because the Mn-Ce oxides species were the main active components,
the pathway of the NH3-SCR of NOx reaction and the dominant factors over the
enveloped MnCeOx@Z5 catalyst should be similar to the conventional supported
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MnCeOx/Z5 catalyst. According to the aforementioned characterization results over
the enveloped MnCeOx@Z5 catalyst should be attributed to its stronger surface
acidity and more surface active oxygen species. However, the deNOx activity over
all these catalysts was obviously impacted by the existence of SO2. The deposition of
ammonia sulfates and the metal sulfates might be formed according to the following
reaction steps (Eqs. 10.2–10.6):

NH 3(g) → NH 3(a) (10.2)

SO2(g) → SO2(a) (10.3)

4NH 3(a) + 2SO2 + O2 + 2H 2O → 4(NH 4)2SO4 (10.4)

MnO2 + SO2(a) → MnSO4 (10.5)

2CeO2 + 3SO2(a) + O2 → Ce2(SO4)3 (10.6)

TheMnCeOx active sites over MnCeOx@Z5 were confined in the shell of ZSM-5
zeolite. Importantly, the ZSM-5 shell can provide the shielding effect to the active
sites; in addition, the zeolite shell can also provide large amounts of acid sites, which
can increase adsorption and activation of NH3 species (Eq. 10.2). When SO2 existed
in the deNOx reaction, the activation of SO2 occurred (Eq. 10.3). Thus, the active sites
were exposed to the outer of the shell, which can react with the adsorbed SO2 to form
the inactive metal sulfates (Eqs. 10.5–10.6). However, The XPS and in situ DRIFTS
results demonstrated that the adsorbed NH3 species over the supported MnCeOx/Z5
catalysts were deactivated by adsorbed SO2; in addition, the formed ammonium
sulfates can cause the pore blocking and cover the active sites (Eq. 10.4). These were
the main reasons for catalyst deactivation over the conventional supported catalyst.
Fortunately, with the shielding effect of the enveloped MnCeOx@Z5 catalyst, the
possibility for the contacting between the active sites and SO2 decreased, which can
inhibit the sulfating of the active sites (Eqs. 10.5–10.6). Additionally, the reported
XPS and the in situ DRIFTS results [28, 37] demonstrated that the zeolite sheath can
also prevent the reaction between the adsorbed SO2 and NH3 species (Eq. 10.4) to
improve its SO2 tolerance.

10.3 Conclusions

In conclusion, the zeolite enveloped MnCeOx mixed metal catalyst (MnCeOx@Z5)
with superior deNOx performance was discussed in this chapter [30]. Due to its
high content of Mn4+ and Ce3+ species, and the synergy between acidic zeolite shell
and the redox mixed oxides cores, MnCeOx@Z5 exhibited good deNOx activity at
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low temperature. Furthermore, the shielding effect of zeolite sheath (ZSM-5) can
effectively prevent the direct contact between the active site (MnCeOx) and SO2.
It can evidently increase its SO2/H2O resistance. Therefore, the synergy strategy of
the envelopment and the acid-redox adopted in this chapter can be applied to design
other high-performance SO2 resistance catalysts for deNOx and related air pollution
control.

Though the deNOx catalysts have been intensively studied and commercialized
for decades, the water and sulfur deactivation problems still exist. A large number
of catalysts including various metal or metal oxides were developed for deNOx.
To further improve the water and sulfur tolerance of the deNOx catalysts, one of
the most efficient strategies should be the re-construction of the conventional active
catalysts, e.g., core-shell or yolk-shell confinement, nano-pore confinement, to inhibit
or alleviate the water and SO2 poisoning.
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Chapter 11
Core–Shell Structured Zeolite Catalysts
with Enhanced Shape Selectivity

Koji Miyake and Norikazu Nishiyama

11.1 Introduction

Zeolites are basically defined as crystallinemicroporous aluminosilicates while other
types of zeolites, microporous crystalline materials formed by TO4 (T = Si, Ge, Al,
P, etc.) tetrahedral units, have been developed [1, 2]. Zeolites show unique shape
selectivity due to their uniform micropore structure. Focusing on the chemical states
of zeolites, zeolites are composed of SiO4 and [AlO4]− tetrahedrally, and cations are
located near negative chargedAl to balance the overall electronic charge [3–5]. These
cations can be exchanged by other cations. The ion exchange capacity of zeolites
depends on Al content in the zeolite framework. Zeolites work as solid Brønsted
acid catalysts when the cations of zeolites are protons. In these functions, shape
selectivity is the most unique property in zeolites and one of the most important
factors determining their catalytic performance.

Shape selectivity is derived from orderedmicropores of zeolites. Obviously, shape
selectivity works well in micropores of zeolites. However, active sites such as acid
sites are often located on the external surface of zeolites where shape selectivity does
not work, which results in decreasing selectivity. Production of p-xylene over MFI-
type zeolites is the most typical example. MFI-type zeolite has three-dimensional
medium micropores (ca. 0.55 nm). The ratio of diffusivities of xylene isomers is 10:
1: 1000 for o: m: p, respectively, in MFI zeolitic micropores [6]. Therefore, xylene
isomers are formed via reactions in MFI zeolitic micropores, and then p-xylene
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selectively diffuses out of the zeolite crystal, leading to highly selective production
of p-xylene. However, the isomerization of p-xylene occurs due to the existence of
acid sites on the external surface. As a result, the selectivity of p-xylene decreases.
The reaction on the external surface of zeolites is at high conversion or high contact
time, which means that there is a trade-off relationship between conversion or yield
and selectivity of p-xylene [7].

As mentioned above, it is obvious that active sites must be located in zeolite
crystals to improve shape selectivity. In addition, shape selectivity should improve
without decreasing porosity and hydrothermal stability. In our work, all silica MFI-
type zeolite (silicalite-1) with no active sites is epitaxially overgrown on the core of
MFI-type zeolite with various active sites. Silicalite-1 zeolite shell is continuously
connected to the core MFI zeolite. We believe that silicalite-1-coated core-shell
zeolites have accessible porosity and mechanical durability. In addition, we have
introduced various active sites derived from protons, metal ions, and metal nanopar-
ticles into core zeolite. The multi-functional core-shell zeolite catalysts have been
developed for shape-selective one-pot production and shape-selective hydrogena-
tion, respectively. In this chapter, we introduce three types of core-shell structured
zeolite catalysts as shown below [7–9].

11.2 Core–Shell ZSM-5/Silicalite-1 Catalyst
for Shape-Selective Production of Aromatics from C1-3
Feedstocks

Firstly, core-shell zeolite composite crystals consisting of an MFI structure were
prepared by a zeolite overgrowth method. The core and shell zeolites are ZSM-5
with acid sites and silicalite-1 (Al-free MFI zeolite) without acid sites, respectively.
The structured core-shell ZSM-5/silicalite-1 catalyst was used for the reactions to
produce benzene, toluene, and p-xylene (BTpX) fromfiveC1-3 feedstocks (methanol,
dimethyl ether: DME, ethanol, ethylene, and acetone).

To examine the surface coverage of ZSM-5 crystals with silicalite-1, isomer-
ization of o-xylene was performed. The o-xylene conversions on ZSM-5 and
ZSM-5/slicalite-1 were 46% and <5%, respectively. The ZSM-5/silicalite-1 catalyst
showed a much lower activity for o-xylene conversion compared with the uncoated
ZSM-5. The diffusivity of o-xylene is estimated to be 1/100 of that of p-xylene
because of its larger molecular size [6]. o-Xylene seems to react near the external
surface of ZSM-5 in a diffusion control region. Thus, this result indicates that the
surface of ZSM-5/silicalite-1 was almost covered with a silicalite-1 layer and there
are few acid sites on the external surface of ZSM-5/silicalite-1. The results of reac-
tions using various reactants over uncoated ZSM-5 and silicalite-1-coated ZSM-5
were listed in Table 11.1. The conversions of the reactants were the same (89–99
C-mol%) for both uncoated and coated catalysts, which is a different trend from the
results of the o-xylene conversion. These C1-3 feedstocks can easily diffuse into the
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Table 11.1 Results of reaction tests on C1-3 feedstocks to hydrocarbons over uncoated ZSM-5 and
core-shell ZSM-5/silicalite-1

Reactant Conv
(C-mol%)

BTpX Sel
(C-mol%)a

C9+ Sel
(C-mol%)b

para-Sel
(C-mol%)c

MeOH >99 (>99) 57 (28) 2 (11) 94 (23)

DME >99 (>99) 61 (34) 6 (13) 99 (42)

EtOH >99 (>99) 53 (29) 4 (12) 99 (28)

Ethylene 89 (90) 47 (24) 2 (18) 99 (52)

Acetone >99 (>99) 71 (42) 6 (16) 98 (32)

*The values in the parentheses represent the results of uncoated ZSM-5
aThe values represent the selectivity to benzene, toluene, and para-xylene
bThe values represent the selectivity to aromatics compounds that have 9 or more carbon atoms
cThe values represent the selectivity to para-xylene in xylene isomers

MFI pores even after the silicalite-1 coating because of the smaller molecular sizes.
The diffusion resistance for the C1-3 feedstocks through the silicalite-1 layer seems
to be negligible. The decrease of o-xylene conversion as mentioned above cannot
be explained by an increase in diffusion resistance for o-xylene in the silicalite-1
layer. These results suggest that silicalite-1 pores are directly connected to the pores
of ZSM-5. The accessibility into core ZSM-5 was not decreased by the silicalite-1
coating. The selectivity to total BTpX was significantly increased up to 47–71 C-
mol% by the silicalite-1 coating. Instead, the selectivity to bulky molecules such as
C9+ aromatics was decreased. Furthermore, para-selectivity (p-xylene selectivity in
xylenes) was dramatically improved to 94–99 C-mol% by the silicalite-1 coating.
These values are much higher than the thermal equilibrium value (23 C-mol%). The
difference of selectivity over ZSM-5 and ZSM-5/silicalite-1 lies on the existence of
the external acid sites where shape selectivity cannot work. When the external acid
sites exist, xylene isomerization and successive reactions to C9+ aromatics occur
there. By contrast, those reactions do not occur on the surface of ZSM-5/silicalite-1
crystals. As a result, ZSM-5/silicalite-1 showed higher BTpX selectivity and lower
C9+ aromatics selectivity even at high conversion conditions.

11.3 Zn Ion-Doped Core–Shell ZSM-5/Silicalite-1 Catalyst
for Enhanced Production of p-Xylene from Methanol

In previous Sect. 11.2, silicalite-1-coated catalysts showed much higher catalytic
performance on various reaction systems [8]. In this Sect. 11.3, to improve p-xylene
yield, we designed Zn ion-doped core-shell zeolite (Zn/ZSM-5/silicalite-1), which
consists of Zn ion-dopedMFI zeolite with acid sites (Zn/ZSM-5) in the core andMFI
zeolite without acid sites (silicalite-1) in the shell. Then, we evaluated the catalytic
property of Zn/ZSM-5/silicalite-1 on methanol to p-xylene (MTpX).
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Fig. 11.1 The changes of a xylenes yield and b para-selectivity with contact time (W/F). Reprinted
with permission from Ref. [7]. Copyright 2016 Elsevier

Figure 11.1 shows the results of the reaction test (MTpX). Xylenes yield increased
with the increase of contact time (W/F values) on all samples. Then, xylenes yield
increased by doping Zn, which was in accord with previous works [10–12] Uncoated
samples (ZSM-5 and Zn/ZSM-5) showed a trade-off relationship regarding xylenes
yield and para-xylene selectivity in xylenes (para-sel.). Meanwhile, as for Zn/ZSM-
5/S, high para-sel. (>99%) maintained even in the case of high W/F values (high
xylenes yield), which indicated that the undesired reactions on the external surface
were inhibited even in the case of highW/F values (high xylenes yield). Moreover, in
an optimum condition, Zn/ZSM-5/S showed para-xylene yield (40.7 C-mol%) with
high para-sel. (>99%).

11.4 Pt Nanoparticle Catalyst Encapsulated in Silicalite-1
for Shape-Selective Hydrogenation

In previous Sects. 11.2 and 11.3,we have introduced core-shell structuredMFI zeolite
catalysts with Brønsted acid and metal ion. In this Sect. 11.4, we introduced metal
nanoparticle catalyst into core-shell structured zeolite to expand the utilization of
core-shell structured zeolite catalysts. In particular, we have fabricated Pt nanopar-
ticles encapsulated in core-shell single crystal-like silicalite-1 zeolite (CS-Pt/s-1) by
an epitaxial crystalline overgrowth method, and we discuss the shape selectivity of
the Pt-encapsulated zeolite catalyst on hydrogenation.

Firstly, to confirm the encapsulation of Pt nanoparticles, we performed hydro-
genation of mesitylene. The molecular size of mesitylene was larger than MFI
zeolitic micropores [13]. Therefore, hydrogenation of mesitylene does not occur
if Pt nanoparticles are completely covered with silicalite-1 layers. The conversion
of mesitylene over Pt/s-1 was increased with a rise of reaction temperature and
reached almost 100% at 373 K, while mesitylene did not react over CS-Pt/s-1 even
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Fig. 11.2 Conversion of a n-hexene and b cyclohexene on hydrogenation over Pt/s-1 andCS-Pt/s-1.
Reprinted with permission from Ref. [9]. Copyright 2018 Elsevier

at 373 K. This result exhibits that Pt nanoparticles were successfully encapsulated
by silicalite-1 layers.

To investigate the shape selectivity of CS-Pt/s-1, we also performed hydrogena-
tion of n-hexene and cyclohexene as shown in Fig. 11.2. The catalytic activity of
CS-Pt/s-1 was lower than that of Pt/s-1. One possible reason is that Pt content
of CS-Pt/s-1 was lower than that of Pt/s-1 due to mass gain of silicalite-1 layers.
Another possible reason is the diffusion resistance of n-hexene through the silicalite-
1 layers. On the Pt/s-1 catalyst, the reaction occurs without mass transfer resistance,
but the reaction on CS-Pt/s-1 should be governed by diffusion control even for n-
hexene. In the diffusion control region, we can expect the effect of shape selectivity
of zeolite. CS-Pt/s-1 showed a higher catalytic activity on hydrogenation of n-hexene
compared to cyclohexene. The molecular size of cyclohexene was larger than that
of n-hexene. Silicalite-1 layers made the difference of diffusivity between n-hexene
and cyclohexene, which results in selective hydrogenation.

11.5 Summary and Outlook

This chapter deals with three types of core-shell zeolite catalysts coated with inert
silicalite-1, and the core-shell structured zeolite catalysts showed much high shape
selectivity on various reactions. In other words, core-shell structure coated with inert
silicalite-1 is an effective strategy to maximize shape selectivity. In addition, various
active sites such as Brønsted acid, metal ion, and metal nanoparticle catalysts can
be introduced into the core-shell structured zeolite catalysts, which enables the wide
utilization of the core-shell structured zeolite catalysts for shape-selective transfor-
mation on various reaction systems. Furthermore, this concept can be applied to other
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types of zeolites aswell asMFI-type zeolite. Shape selectivity can be controlled using
different types of zeolites. In the future, many types of core-shell structured zeolite
catalysts with various active sites and types of zeolites are expected to be developed,
leading to more advanced shape-selective transformation.
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Chapter 12
Core–Shell Structured Zeolite Catalysts
with Minimal Defects for Improvement
of Shape Selectivity

Masaki Okamoto

12.1 Introduction

Zeolite catalysts are widely used in the chemical industry because of their high
catalytic activity and high product selectivity. Zeolites have pores with uniform pore
size, which originated from their crystal structures, causing high surface area leading
to high catalytic activity. Moreover, the uniform size of the pores brings about shape
selectivity, i.e., reactant, transition state, and product selectivities [1], leading to
obtaining the desirable products selectively. However, high product selectivity can
be attained only when the reactions proceed inside the pores and/or at pore mouths.
The catalysis of the active sites on the external surface of the zeolite particles results
in nonselective (undesirable) reactions.

To prevent reactions to occur on the external surface, passivation of the active
sites, which are mostly acid sites, on the external surface is generally used. Many
efforts to passivate the external surface of zeolites have been reported, especially for
MFI-type zeolite [2–20]. This chapter reviews the passivation of the external surface
ofMFI- and TON-type zeolites by crystal growth over aluminum-containing zeolites
(core) with aluminum-free zeolites (shell) to form zeolites with a core–shell structure
(core–shell zeolites). Generally, zeolites are synthesized using hydroxide ion as a
mineralizer, and the obtained zeolites are small crystalliteswith intercrystalline voids.
When fluoride ion is used as a mineralizer, large and single-like crystals with few
defects are formed [21–23]. To completely passivate the active sites on the external
surface, no defects in the shell and epitaxial growth of the core with the shell are
necessary. To achieve them, the use of fluoride ion as a mineralizer is appropriate
for the formation of core–shell zeolites (Fig. 12.1), and to evaluate the passivation
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Core synthesis
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Core zeolite Core –shell zeolite

F– mineralizer F– mineralizer

Synthesis gel

Fig. 12.1 Synthesis of the core–shell zeolite by crystal overgrowth in the presence of fluoride ion

effect, the catalytic activity test is suitable, especially on the analysis of the product
selectivity.

12.2 p-Xylene Synthesis by Toluene Methylation
with Methanol Catalyzed by MFI-Type Zeolite

Aluminum-containing MFI-type zeolite (ZSM-5) is industrially used as a catalyst
with high product selectivity. To increase the selectivity, there are numerous reports
on the passivation of the external surface ofMFI-type zeolite catalysts [2–20]. Chem-
ical vapor deposition of silicon alkoxide for covering the external surface of an MFI-
type zeolite with amorphous silica is one of the effective passivation methods [2–8].
Another method is covering the external surface with an aluminum-free MFI-type
zeolite (silicalite-1) shell to form the core–shell zeolite [9–20]. This was synthesized
by hydrothermal crystallization of silicalite-1 gel in the presence of ZSM-5 crys-
tals under conventional synthesis conditions, i.e., hydroxide ion was a mineralizer.
However, pinholes, which decrease shape selectivity, exist in the silicalite-1 shell
[12]. Acid treatment of the core zeolite (ZSM-5) is suitable for the growth of the
core [13] and may decrease the formation of the pinholes. Nishiyama et al. reported
the coated aluminum-containing core zeolite with small crystallites of aluminum-
free zeolite [15, 16] and a single crystalline silicalite-1/ZSM-5 core–shell zeolite
[17, 18]. They showed high catalytic performance for methylation of toluene with
methanol to give the highly selective formation of p-xylene [15, 16, 18].

In these reports, the core and the shell zeolites were synthesized in the presence
of hydroxide ion as a mineralizer. Fluoride ion was chosen as a mineralizer for
the syntheses of the core and the shell zeolites to decrease the number of defects,
which hinder passivation of the external surface [19]. The ideal method is crystal
overgrowth of aluminum-free zeolite (the shell zeolite) on single crystals of zeolite
(the core zeolite) with no defects. Lombard et al. reported the core–shell zeolite
prepared in the presence of fluoride ion [20]. However, aluminum composition in
the shell was gradient (Fig. 12.2c), and it was difficult to passivate the acid sites on
the external surface because the core–shell zeolite was prepared in one step.
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Fig. 12.2 EDXanalysis of the core–shell zeolite was prepared in one step in the presence of fluoride
ion: a scanning electron micrograph, b section of a crystal and its cAl KαX-ray emission mapping,
and d Si Kα X-ray emission mapping. Dotted lines denote the contour of the crystal. Reprinted
from [20], Copyright 2010, with permission from Elsevier

12.2.1 Preparation of Core–Shell MFI-Type Zeolite
with Minimal Defects

Core zeolite was synthesized using ammonium fluoride (NH4F) as a fluoride ion
source (the gel composition ratio was Si/tetrapropylammonium bromide (TPABr,
structure-directing agent)/NH4F/Al/H2O = 1:0.125:0.9:0.05:33.) as well as using
hydroxide ion as a conventional method. Crystal overgrowth was achieved by the
use of fluoride ion as a mineralizer. The gel composition ratio was Si (fumed
silica)/TPABr/NH4F/H2O/Si (core zeolite) = 1:0.125:0.9:33:1. Crystal overgrowth
was also attempted under the synthesis conditions for the preparation of the
conventional zeolite.

Table 12.1 shows terminology of the core and core–shell zeolites prepared under
various conditions. For the core zeolites, CF(NC), CF(C), CA(NC), and CA(C)
denoted the core prepared in the presence of fluoride ion but not calcined, the core
prepared in the presence of fluoride ion and calcined, the core prepared in the absence
of fluoride ion but not calcined, and the core prepared in the absence of fluoride ion
and calcined, respectively. CF(NC)SF, CF(C)SF, and CA(NC)SF were prepared in
the presence of fluoride ion by crystal overgrowth of CF(NC), CF(C), and CA(NC),
respectively. CF(NC)SA was obtained from crystal overgrowth of CA(NC) in the
absence of fluoride ion. To determine the particle size, themorphology of the core and
core–shell zeolites was examined by scanning electronmicroscopy (SEM). The SEM
images are shown in Fig. 12.3. The crystal shape of CF(C) was like a coffin. After
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Table 12.1 Catalyst names and characterization of core and core–shell zeolites

Catalyst
name

Core synthesis conditions Shell
synthesis
conditions

Length of the
particle’s
major axis
[μm]a

Si/Al

ICPb NH3 TPDc

CF(C) With F− Calcined – 15 38 38

CF(C)SF With F− Calcined With F− 18 60 67

CF(NC)SF With F− Not calcined With F− 18 63 62

CF(NC)SA With F− Not calcined Without F− 16 n.d n.d

CA(C) Without F− Calcined – 9 29 n.d

CA(NC)SF Without F− Not calcined With F− 15 69 n.d

Reprinted from [19], Copyright 2011, with permission from Elsevier
n.d. not determined
aCalculated using SEM images
bCalculated using inductively coupled plasma
cCalculated using temperature-programmed desorption of ammonia

(a)  (b)  (c)  

(d)  (e)  (f)  

Fig. 12.3 SEM images of core and core–shell zeolites: a CF(C), b CF(C)SF, c CF(NC)SF,
d CF(NC)SA, e CA(C), and f CA(NC)SF Reprinted from [19], Copyright 2011, with permission
from Elsevier

the shell formation over CF(C) and CF(NC), the shapes of the core–shell zeolites
were not changed, and the length of the particle’s major size increased (Table 12.1).
This indicated that the core zeolites were overgrown whether the core zeolites were
calcined or not. When CA(NC) was used as the core zeolite, the size of CA(NC)SF
increased. The amount of silicon in the synthesis gel used for the shell formation was
equal to the amount of silicon in the core, so the shell volume should be the same as
that of the core if perfect crystal overgrowth was to occur. However, the volume of
each particle was more than double. This means the dissolution of part of the cores
and formation of new zeolite particles during the step for the shell formation. When
the shell was attempted to form in the absence of fluoride ion, the core zeolite was
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covered with the small particles. After removal of the small particles by sonication,
the size of the obtained zeolite (CF(NC)SA) did not increase. Observations through
SEM suggested that fluoride ion is necessary if the core zeolite is to grow while
maintaining its shape.

To clarify the presence of small intercrystalline voids, namely, mesopores,
nitrogen adsorption–desorptionwasmeasured. If defects formduring the synthesis of
the core and core–shell zeolites, the intercrystalline voids might also form.While the
hysteresis loop was observed in the isotherm of the zeolite prepared by the conven-
tional method (CA(C)), there was no loop for the zeolite prepared in the presence
of fluoride ion CF(C), indicating the absence of mesopores. After the overgrowth of
the shell zeolites, in the isotherm of CF(C)SF, the loop was observed. For the core–
shell zeolite (CF(NC)SF) formed from the uncalcined core (CF(NC)), there were
no mesopores. When the core zeolite prepared by the conventional method without
calcination (CA(NC)) was used, the mesopores still remained.

To show the passivation of the acid sites on the external surface, the distribution
of aluminum in a cross-section of CF(NC)SF was investigated by energy-dispersive
X-ray spectroscopy. The linear analysis revealed that aluminum did not exist on
the external surface, indicating that there are no acid sites on the external surface.
Therefore, CF(NC)SF must be the catalyst showing high product selectivity.

Thus, CF(NC)SF is only the core–shell zeolite without mesopores, and that both
core and shell must be synthesized in the presence of fluoride ion.

12.2.2 Toluene Methylation Catalyzed by Core–Shell
MFI-Type Zeolite with Minimal Defects

Among xylenes, p-xylene is the most important, because it is a raw material for
polyethylene terephthalate, which is industrially produced in a large scale. The
mixture of xylenes, however, is formed by toluene methylation with methanol using
acid catalysts. Selective synthesis of p-xylene is desirable in the industry. MFI-type
zeolite catalyst shows high selectivity for p-xylene due to shape selectivity. However,
the conventional MFI-type zeolite has acid sites on the external surface as well as
on the pore walls. Acid sites on the external surface cause the formation of m- and
o-xylenes.

Core–shell zeolites with minimal defects prepared by crystal overgrowth were
catalysts with high performance for selective synthesis of p-xylene. The reaction
results are summarized in Table 12.2. The fraction of p-xylene for CF(C) was higher
than for CA(C). Because the particle size was higher for CF(C), the external surface
area of CF(C) was lower. Because acid sites on the external surface lead to low
p-xylene selectivity, CF(C) showed high selectivity for p-xylene.

Formation of shell zeolite over core zeolite in the presence of fluoride ion
(CF(C)SF and CF(NC)SF) increased the fraction of p-xylene. The use of CF(NC)SF,
which had no acid sites on the external surface and nomesopores asmentioned above,
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Table 12.2 Toluene methylation with methanol catalyzed by the core and core–shell zeolites

Catalyst CF(C) CF(C)SF CF(NC)SF CA(C) CA(NC)SF

Toluene conversion (%) 24.9 20.8 20.8 27.3 26.1

Yield (%)

p-Xylene 14.4 17.0 17.8 11.5 11.3

m-Xylene 4.3 1.0 0.5 8.2 8.1

o-Xylene 1.9 0.5 0.3 3.3 3.0

Ethylbenzene 0.4 0.3 0.2 0.1 0.3

Trimethylbenzene and
ethylmethylbenzene

3.9 2.0 2.0 4.2 3.4

Fraction of xylenes (%)

p-Xylene 69.9 91.9 95.8 50.0 50.4

m-Xylene 20.9 5.4 2.9 35.7 36.2

o-Xylene 9.2 2.7 1.3 14.3 13.4

Reprinted from [19], Copyright 2011, with permission from Elsevier
Reaction temperature 400 °C, time of stream 2 h,W /F 0.15 kg(catalyst) h mol−1, toluene 42.0 kPa,
methanol 42.0 kPa

resulted in a higher fraction for p-xylene. This suggested that the shell success-
fully passivated the acid sites on the external surface of the core zeolite. When
CF(C)SF was used, through the mesopores, the formed o- and m-xylenes, both of
which were larger than the micropore size of the MFI-type structure, could penetrate
the shell zeolite. The catalysis experiments indicated that only the shell of CF(NC)SF
completely covered the core zeolite.

12.3 Skeletal Isomerization of n-Alkane Catalyzed
by TON-Type Zeolite

Skeletal isomerization of n-alkanes is an important reaction for synthesizing high-
octane gasoline and lubricants and preventing the solidification of gas oil at lower
temperatures.Generally, the acid-catalyzed isomerization is attendant on the cracking
of alkanes. Inhibition of the cracking is essential for selecting a suitable catalyst.
TON- [24–39] and MTT-type [35, 40, 41] zeolites, which have one-dimensional
10-membered ring pores, are highly selective catalysts for skeletal isomerization of
n-alkanes. Crystals of TON- and MTT-type zeolites are needle-shaped, and the one-
dimensional micropores are parallel to the major axis of the crystal. The high selec-
tivity for the skeletal isomerization using a TON-type zeolite catalyst was explained
by pore mouth catalysis [24–30] or shape-selective catalysis inside the pores [32, 34,
35]. In any case, external acid sites on the side surface of the needle-shaped crystals
may cause cracking of alkanes rather than isomerization. To increase selectivity for
the isomerization, the formation of zeolite nanorods [31] and dealumination with
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HCl [32] were reported. The crystal length was shortened by adding inhibitors of
crystal growth along the [001] direction to the synthesis gel to increase the number
of pore mouths for enhancement of the selectivity [37]. Passivation of the acid sites
on the side surface of the needle-shaped crystals may also lead to highly selective
catalysts for isomerization.

Niu et al. reported the core–shell TON-type zeolite prepared by epitaxial growth of
aluminum-containing core zeolite with aluminum-free shell zeolite [38]. They used
hydroxide ion as a mineralizer in the synthesis of the core zeolite and the crystal
growth. The core–shell structure and filling the micropores with carbon resulted in
high selectivity for skeletal isomerization. In this study, the method for passivation of
the external surface ofMFI-type zeolite was used to prepare the core–shell TON-type
zeolite, i.e., an aluminum-containing TON-type core zeolite prepared in the presence
of fluoride ion was epitaxially grown with aluminum-free TON-type shell zeolite in
the presence of fluoride ion to give defect-free crystals [39]. TON-type zeolite can
be also prepared in the presence of fluoride ion to form large and defect-free crystals
[42]. Since the isomerization of n-alkanes occurs on the acid sites near the pore
mouths, the passivation of the external surface except for the surface around the pore
mouths may be effective. However, crystal overgrowth causes complete passivation
of the external surface including the poremouths. Therefore, the zeolite crystals were
broken to form shorter pieces and consequently create acid sites near the new pore
mouths formed at the cross-sections.

12.3.1 Preparation of Broken Core–Shell TON-Type Zeolite
with Minimal Defects

Figure 12.4 shows the preparation scheme of the broken core–shell TON-type zeolite.
After the core zeolite containing aluminum was prepared in the presence of fluoride
ion, the core zeolite was epitaxially grownwith the aluminum-free shell zeolite in the
presence of fluoride ion to form the core–shell zeolite with minimal defects. Finally,
to create the acid sites on the pore mouths, the needle-like core–shell zeolite was
broken by a press at 10 and 20 MPa.

When the core zeolite was synthesized in the presence of fluoride ion, large
needle-shaped crystals were obtained (Fig. 12.5a). The needle-like shape is typical
of TON-type zeolite [42]. After crystal overgrowth, both the length and width of the
particles increased. The aluminum distribution in the cross-section of the core–shell
zeolite was examined using a wavelength-dispersive spectrometer. Linear analysis
of aluminum concentration revealed that aluminum atoms did not exist in the shell
zeolite. This indicated the success of the passivation of the external surface by crystal
overgrowth.

The core–shell zeolite was pressed at 10 and 20 MPa. The needle-like particles
were shortened by the press, and the size of the particles after the break at 20 MPa
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Fig. 12.4 Preparation scheme of the broken core–shell TON-type zeolite. Reprinted from [39],
Copyright 2013, with permission from Elsevier

was shorter than that after the break at 10 MPa, i.e., the number of the pore mouths
in the particles broken at 20 MPa may be larger.
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)b()a(
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Fig. 12.5 SEM images of a the core zeolite, b the core–shell zeolite, and c the core–shell zeolites
pressed at 10, and d 20 MPa. Reprinted from [39], Copyright 2013, with permission from Elsevier

12.3.2 Skeletal Isomerization of n-Tetradecane Catalyzed
by Broken Core–Shell TON-Type Zeolite
with Minimal Defects

For the skeletal isomerization, a platinum catalyst is necessary with the acid sites.
Before the reaction, tetraammineplatinum(II) chloridemonohydrate (Pt, 0.5% (w/w))
was loaded on the prepared zeolites, and the Pt-loaded zeolites were reduced in a
hydrogen stream at 350 °C for 1 h.

The reaction results are summarized in Table 12.3. The overgrowth of the core
zeolitewith the shell zeolite decreased the tetradecane conversionbecause the number
of the acid sites per weight of the catalyst decreased. On the other hand, the selectivity
for the isomerization increased. The passivation of the external surface caused inhi-
bition of the cracking. The break of the core–shell zeolite was effective for enhance-
ment of the tetradecane conversion without a decrease of the selectivity, especially
the break at 10 MPa. Higher pressure increased the acid sites on the pore mouths to
increase the conversion but probably cracked the external surface to form new acid
sites on the side surface of the needle-like particles. Compared to the catalytic activity
of the conventional TON-type zeolite, both the conversion and the selectivity were
enhanced. The broken core–shell zeolite was the most active and selective catalysts.
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Table 12.3 Skeletal
isomerization of n-tetradecane
catalyzed by platinum-loaded
TON-type zeolites

Catalyst n-Tetradecane
conversion (%)

Selectivity for
isomerization (%)

Core zeolite 65 54

Core–shell zeolite 49 76

Core–shell zeolite
broken at 10 MPa

73 77

Core–shell zeolite
broken at 20 MPa

76 64

Conventional
TON-type zeolite

67 47

Reprinted from [39], Copyright 2013, with permission from
Elsevier
Reaction temperature 380 °C, time on stream 6 h, catalyst amount
1.5 g, Pt amount 0.5% (w/w), n-tetradecane 0.12 mmol min−1, H2
0.58 mmol min−1, total pressure 3 MPa-guage

12.4 Summary and Outlook

The core–shell zeolites with minimal defects can be prepared by crystal overgrowth
of aluminum-containing core zeolite prepared in the presence of fluoride ion with
aluminum-free shell in the presence of fluoride ion. The acid sites on the external
surface of the core zeolite were completely passivated, and the core–shell zeolite
showed high shape selectivity due to the zeolite crystal structure. In toluene methy-
lation and skeletal isomerization of n-tetradecane, theMFI- and TON-type core–shell
zeolite showed high shape selectivity, respectively.

Since the property of the core–shell zeolite as being almost a single crystal with
minimal defects is unique, applications other than catalysts are also expected. For
example, hollow *BEA-type zeolites with minimal defects were prepared by selec-
tive removal of the core zeolite from the core–shell zeolite [43]. Although many
researchers have reported the hollow zeolites, almost all hollow zeolites were fabri-
cated from polycrystalline zeolites [44–46], which must have mesopores due to
intercrystalline voids. The hollow zeolite prepared from core–shell zeolite had only
micropores originated from the crystal structure. This property is suitable for use
as a drug vessel for controlled release and microreactor. The core–shell zeolite with
minimal defects will be widely used in various fields.
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Chapter 13
Core–Shell Materials for Photocatalytic
CO2 Reduction

Weixin Zou, Xiaoqian Wei, and Lin Dong

13.1 Introduction

With the growth of industry and population, various serious energy and environ-
mental crises have attracted a great deal of attention. Carbon dioxide (CO2), as one
of the main greenhouse gases, recently have been focused on photoreduction into
useful chemical fuels (hydrocarbons, alcohol, etc.) under solar light irradiation, with
many advantages of friendly to environment, low energy consumption, solving the
problems of both global warming and energy shortage, etc. [1–3] Since 1979, Inoue
et al. investigated the CO2 photoconversion to HCOOH, CH4, and CH3OH over a
series of semiconductors [4]; a great number of efforts have been devoted to the
highly efficient reaction performance to produce solar fuels [5–8].

As we know, the photocatalyst, with the abilities of light absorption, photogener-
ated charge transfer, and the reactant molecule adsorption/activation, is the key factor
for the photocatalytic CO2 reduction. Therefore, the design and development of the
catalyst structures have already been recognized as a promising technology [9–11].
Engineering of the structural details of photocatalysts, including the particle size,
shape, exposed crystal plane, and pore structure, could properly tune the reaction
efficiency, and then the controllable manipulation with nanoscale structures would
open a new horizon for the catalyst generation with the superior catalytic perfor-
mance [12–14]. Core–shell structural catalysts have emerged as a significant class
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of catalysts with unique properties, including the following: (1) the stabilization of
dispersed active phases; (2) maximization of the specific surface areas; (3) enhancing
the synergistic interfacial interactions between multiple components; (4) the regu-
lation of the electronic structures through strain engineering [15, 16]. On the basis
of that, core–shell structured materials are regarded as promising photocatalysts for
CO2 reduction.

In this part, we review recent achievements of the core–shell materials in the
application of CO2 photoreduction. Firstly, an introduction of photocatalytic CO2

reduction is briefly provided. Secondly, the synthesis, structures, and advantages
of various core–shell nanomaterials, such as zero-dimensional (0D) nanoparticles,
1D nanocomposites, 2D nanosheets, and 3D hierarchical materials, are addressed in
detail. Furthermore, the synergistic interaction mechanisms of multistep electrons
transfer and CO2 adsorption–photoreduction are discussed. Finally, a conclusion
with a perspective on the future developments of this area is present.

13.2 CO2 Photoreduction

For the photocatalytic CO2 reduction, the process is mainly involved three steps,
i.e., light absorption, photo-induced charge migration, and CO2 molecule adsorption
and activation. For the first step, effective light harvesting could thermodynamically
promote the generation of electrons and holes. Generally, wavelengths of ultraviolet
(λ < 400 nm), visible (400 nm < λ < 800 nm), and infrared (λ > 800 nm) account for
4%, 53%, and 43% of the sunlight, respectively [17]. Therefore, the photocatalyst
design with a suitable bandgap energy is of great importance to effectively use the
sunlight.

The migration from bulk to surface further kinetically affects the overall perfor-
mance of the solar-to-fuels conversion, and thus the highly efficient separation of
photo-induced electrons and holes is another key issue for enhancing the photocat-
alytic activity. On the basis of the fact that the charge recombination (~10−9 s) is
considerably faster than the surface reaction (10−8 to 10−1 s) [18], the engineering of
the internal electric field (IEF), i.e., built-in electric field, on the composite interface
acts as an emerging and clearly viable method to efficiently facilitate charge sepa-
ration and transfer [19, 20]. For example, the semiconductor with the positive and
negative layered structure creates dipoles between the layers and then produces IEF
(Fig. 13.1a); the photocatalyst with different crystal facets results in distinct poten-
tials and the IEF (Fig. 13.1b); the various external environments (uneven doping,
heterojunction with different work functions) generate an induced IEF (Fig. 13.1c).

What’s more, the adsorption and activation of CO2 molecule on photocatalyst
surface are especially significant to the heterogeneous catalytic reaction because of
the following factors: (1) the linearmolecule ofCO2 withmuch higher bond energy of
C=O (750 kJ mol−1) is thermodynamically stable and demanded numerous energy to
activation; (2) the surface one-electron CO2 reduction is highly unfavorable with the
high negative redox potential of CO2/CO2

− (−1.90 V vs. NHE, pH = 7.00); (3) the
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Fig. 13.1 The generated IEF on materials with a the layered structure; b different crystal faces;
c external environment (Reproduced from Guo et al. 2019.)

products of CO2 reduction are various (e.g., CO, CH4, CH3OH, etc.) determined by
multiple electron/proton steps and redox potentials [21]. Fortunately, the structure
design of photocatalyst is able to act as an effective way to modulate the activity
and selectivity of CO2 photocatalytic reduction. For example, photocatalysts with
atomic-level reactive sites, i.e., vacancies, surface functional groups, single atoms,
and frustrated Lewis pairs, show excellent affinity with CO2 molecules, appropriate
conduction band edges, lower energy barrier of CO2 adsorption and activation, and
then affect the redox reaction pathways [22].

13.3 Core–Shell Photocatalyst

The interaction of reactant CO2 on surface, available light absorption, and fast photo-
generated charge migration can be controlled by the overall architecture of core–
shell of photocatalysts. Generally, the core–shell structures are divided into four
categories, i.e., 0D nanoparticles, 1D nanocomposites, 2D nanosheets, and 3D hier-
archical materials, each nanostructure has unique advantages and is worthy of being
discussed. In this section, we summarize the merits, fabrications, structures, and
CO2 photoconversion efficiency of different core–shell photocatalysts, showed in
Table 13.1.

13.3.1 0D Nanoparticles

Noble metal-based core–shell nanocomposites: Noble metals (NM) such as Ag,
Au, Pt, and Pd are widely used as cocatalysts for CO2 photoreduction, due to the
following merits: (1) under light irradiation, the generation of a strong localized
surface plasmon resonance (LSPR) leads to more available light absorption; (2) the
formation of Schottky barriers drives the separation of photogenerated electrons and
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Table 13.1 Summary of CO2 photocatalytic reduction on core–shell nanocomposites

Core–shell photocatalyst Preparation
method

Light source Catalytic
performance

Refs.

0D nano
particles

Au@CdS/TiO2 Gas bubbling
assisted
reduction
precipitation

300 W Xe
lamp
(320–780 nm)

CH4: 41.6
μmol g−1

h−1

CO: 0.6
μmol g−1

h−1

[23]

Au@TiO2 Turkevich
method via
reduction

200 W Hg/Xe
lamp

CH4: 1.0
μmol g−1

h−1

[24]

Pt/TiO2/Au@SiO2 Modified
Stöber
process

5 W LED lamp
(365, 530 nm)

CH4: 2.9
μmol g−1

h−1

[26]

TiO2−Pd@Au Ascorbic acid
reduction

300 W Xe
lamp
(320–420 nm)

CO: 166.3
μmol g−1

h−1

[29]

TiO2@TiO2−x Solvothermal
method

300 W Xe
lamp
(400–780 nm)

CH4: 16.2
μmol g−1

h−1

[30]

TiO2@SiO2 Sol−gel
method

300 W Xe
lamp
(400–80 nm)

CO: 3.2
μmol g−1

h−1

[31]

Ag-MWCNT@TiO2 Hydrolysis
method

15 W energy
saving light

CH4: 0.85
μmol g−1

h−1

C2H6: 0.09
μmol g−1

h−1

[34]

1D nano
composites

Carbon nanofibers@TiO2 Solvothermal
method

350 W Xe
lamp (UV and
visible light)

CH4: 13.5
μmol g−1

h−1

[35]

LaPO4/g-C3N4 nanowires Hydrothermal
method

300 W Xe
lamp

CO: 14.4
μmol g−1

h−1

[36]

2D
nanosheets

2D/2D/0D
TiO2/C3N4/Ti3C2

Hydrothermal
induced
self-assembly

350 W Xe
lamp

CH4: 1.20
μmol g−1

h−1

CO: 4.39
μmol g−1

h−1

[39]

CdS/rGO/TiO2 Coating
method

300 W Xe
lamp

CH4: 0.12
μmol g−1

h−1

[41]

(continued)
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Table 13.1 (continued)

Core–shell photocatalyst Preparation
method

Light source Catalytic
performance

Refs.

Pt/TiO2@rGO A
self-assembly
method

300 W Xe
lamp
(320–780 nm)

CH4: 41.3
μmol g−1

h−1

[42]

3D
hierarchical
materials

Cu3(BTC)2@TiO2 Hydrothermal
method

300 W Xe
lamp
(<400 nm)

CH4: 2.64
μmol g−1

h−1

[43]

AgNPs@Co-MOF-74 Solvothermal
method

300 W Xe
lamp
(400–1000 nm)

CO:
5.5 μmol

[44]

Cr2O3@TiO2
microsphere

Hydrothermal
method

UV lamp
(365 nm)

CH4: 168
μmol g−1

h−1

[48]

TiO2–SiO2
mesoporous

Sol–gel
method

Xe lamp CH4:
0.70 μmol
CO:
0.45 μmol

[50]

CdS@CeO2 Hydrothermal
method

300 W Xe
lamp
(>400 nm)

CH4: 0.94
μmol g−1

h−1

CH3OH:
143.75
μmol g−1

h−1

[52]

holes, and thus improves the quantum efficiency [23–27]. The LSPR intensity is
strongly dependent on the nanoparticle (NP) size and the larger size makes LSPR
increased, leading to more plasmon absorption in the longer wavelength region. Bera
et al. controlled the Au@SiO2 core–shell with different Au NP sizes (4, 8, 18, and
26 nm), and suggested that as the NP size increased from 4 nm to 18 nm, the reaction
activity in CH4 generation gradually enhanced, but further enlarging size to 26 nm
did not increase the catalytic performance, that is, Au core with a size of 18 nm had
the best LSPR effect and activity [27].

Generally, the corrosion and dissolution of noble metals are hard to avoid during
the photocatalytic process; core–shell nanostructures encapsulated by semiconductor
shell acts as an efficient way to overcome the above drawback. In addition, the core–
shell structured bi-noble metals are controllably synthesized, in which the differing
work functions/electronegativities lead to the interfacial polarization, and then the
generated driving force promotes the fast interfacial charge transfer [28, 29]. Cai
et al. designed an ideal platform based on Pd@Au core–shell cocatalysts for CO2

photocatalytic reduction (Fig. 13.2), which were provided with superior activity,
selectivity, and stability.

Other NPs-based core–shell nanocomposites: Silica and vacancies species as
shells to wrap the core of metal oxides have the excellent ability to entrap reactant
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Fig. 13.2 High-magnification (a, b) and atomic-resolution (c) HAADF-STEM images of Pd@Au
core–shell, and the activity (d), selectivity, and cycle test (e) ofCO2 photoreduction ofTiO2–Pd@Au
(Reproduced from Cai et al. 2020.)

molecules [30–32]. Yin et al. used a facile low-temperature solvothermal method
to obtain a uniform distinct crystalline core−amorphous shell structured blue H-
TiO2−x, and the numerous oxygen vacancies of shells were beneficial to a wide
spectrum response and the formation of active intermediate CO2

−, which promoted
the enhanced CO2 photoconversion [30].

13.3.2 1D Nanocomposites

Carbon-based core–shell nanocomposites: 1D carbon materials (i.e., nanofibers,
nanotubes) have been widely considered as an important substrate to core–shell
materials, due to the following advantages: (1) low cost, high specific surface area,
good conductivity, and chemical stability; (2) photosensitive to the semiconductor
photoactivation under visible light irradiation; (3) more electron sinking on carbon
because of different Femi levels and the decreased electron diffusion length [33–35].
However, the hydrophobic nature of carbon materials leads to the weak interaction
of core and shell components. Therefore, surface modification is employed to add
oxygen-containing functional groups on the carbon surface. For example, the in situ
growth TiO2 nanoparticles onto acid-treated carbon nanofibers possessed excellent
intimate contact, which reduced the self-agglomeration of TiO2 and was beneficial
for the charge transfer. Simultaneously, the carbon nanofibers act as core, leading
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to the enhanced conversion of light energy to heat energy and the fast diffusion of
reactants and products [35].

Other 1D-based core–shell nanocomposites: LaPO4 is a typical member of rare-
earth phosphates and recognized as an effective photocatalyst for CO2 reduction, due
to the fact that lanthanum ions are active sites for CO2 adsorption. Li et al. designed
a novel 1D core–shell LaPO4/g-C3N4 by a facile hydrothermal method (Fig. 13.3),
and a synergic effect between LaPO4 and g-C3N4 promoted the fast charge transfer
[36]. WO3 is another kind of polymorph semiconductor with many crystal phases
including orthorhombic, tetragonal, monoclinic, hexagonal, and so on, used in CO2

photoreduction. Li et al. constructed the vertical 1D/1D phase junction, in which

Fig. 13.3 FE-SEM, TEM, and HRTEM images; and schematic illustration of the synthesis of the
core–shell LaPO4/g-C3N4 nanocomposites (Reproduced from Li et al. 2017.)
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exposed ends of the nanowires and nanorods were the spatial photogenerated charge
separation [37].

13.3.3 2D Nanosheets

Carbon nitride-based core–shell nanocomposites:Graphitic carbon nitride (g-C3N4)
with a special 2D layered structure has been widely considered in the application of
photocatalytic CO2 reduction, due to excellent physical/chemical stability, favorable
negative conduction band energy, and narrow bandgap [38, 39]. It is known that
the abilities of surface enrichments of photogenerated electrons and adsorbed CO2

molecules are very critical for improving the activity and selectivity of photocat-
alytic CO2 reduction. Wrapped g-C3N4 nanosheets can not only trap the photogen-
erated electrons, but also the surface π bond is able to improve adsorption capabil-
ities for CO2. Wang et al. proposed that the Au/TiO2@g-C3N4 core–shell catalysts
improved the surface density of adsorbed CO2 and regional photoelectrons, leading
to the high photocatalytic performance of visible-light-driven CO2 conversion [38].
Furthermore, the g-C3N4 shell is able to inhabit the photo-corrosion, reaggregation,
oxidation, or dissolution of nanocore [40].

Graphene-based core–shell nanocomposites: Graphene as another high-efficient
acceptor and transporter of electrons is potential to improve the separation of photo-
generated charges in artificial photo-synthesis reaction. Kuai et al. constructed
CdS/reduced graphene oxide (rGO)/TiO2 core–shell nanostructure, and rGO acted
as the solid electron mediator for photogenerated electrons from TiO2 to CdS, which
promoted the faster electron transfer and better photoreduction activity [41]. More-
over, rGO materials with the surface hydroxyl species and extended π bond can
increase the adsorption and activation capacities for both CO2 and H2O molecules,
which are further helpful to the photocatalytic reaction [42].

13.3.4 3D Hierarchical Materials

MOFs-based core–shell nanocomposites:Metal–organic frameworks (MOFs), with
the capability to expose adsorptive sites, are regarded as a class of potential porous
materials for gas capture. Owing to the flexible tunability in composition and struc-
ture, MOFs are employed to combine with semiconductors in the hollow structure
with a thin shell and cavity inside, which not only provide more active sites, but also
offer confined space for photocatalytic CO2 reduction [43–45]. Li et al. developed
a method to synthesize Cu3(BTC)2@TiO2 core–shell structures and suggested that
CO2 molecules easily penetrated the shells and then captured in the cores, dramati-
cally improving the photocatalytic performance in terms of both activity and selec-
tivity [43]. However, the applications of MOFs are limited, due to little visible and
NIR light absorption. Many technologies have been developed. Li et al. designed
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core–shell structured upconversion nanoparticles (UCNPs)-Pt@MOF/Au photocat-
alysts, and the MOF and plasmonic Au were responsive to UV and visible light,
respectively. Furthermore, the UCNPs absorbed NIR light to emit the visible and
UV and light, which was harvested by the Au and MOF again [45].

Zeolitic imidazolate frameworks (ZIF), a subclass of MOFs, are provided with
excellent CO2 uptake and simple fabrication. For instance, ZIF-8 show high porosity,
large surface area, and good thermal stability [46, 47]. Pipelzadeh et al. designed
core–shell ZIF/TiO2 nanocomposites, which not only made good use of the CO2

adsorption, but also exhibited efficient photocatalytical CO2 conversion [46].
Metal oxide-based core–shell nanocomposites:Metal oxide semiconductors like

TiO2 [48–50], CeO2 [51, 52], etc. with 3D hierarchical mesoporous/microsphere
structures have attracted much interest in the photocatalytic CO2 reduction, due to
the high surface-to-volume ratio, tunable contact area, and inter-connected porous
network, which greatly improve the diffusion of reactants and the synergistic inter-
action. The pristine Cr2O3 microspheres coated by a thin layer of TiO2 shell were
synthesized by a five-step process involving hydrothermal and calcination treat-
ments, and the formed novel core–shell nanostructure possessed sufficient interfacial
contact, resulting in the enhanced CO2 photocatalytic reduction efficiency [48].

13.4 Interfacial Effect on the Reaction Mechanism

13.4.1 Z-scheme

Due to the advantages of wide light absorption, high charge separation efficiency, and
superior redox ability, the Z-scheme system has attracted considerable attention in
the application of photocatalysis [53]. Photocatalytic thermodynamics in Z-scheme
systems are worthy to be investigated, because, in the system, powerful holes and
electrons with strong oxidation and reduction would be generated, respectively. The
all-solid-state Z-scheme photocatalyst with the CdS (shell)–Pt (core)–TiO2 (support)
heterojunction was designed, and the vertical photogenerated electrons transfer of
TiO2 → Pt → CdS is favorable for the charge separation. Simultaneously, the
obtained electrons on the CB potential of CdS possessed more negative reduction
potential, leading to the intensive driving force to CO2 photoreduction, shown in
Fig. 13.4a [54].

Except for the all-solid-state Z-scheme systems fabricated by noble metals (Au,
Pt, Ag, etc.), the so-called “direct” Z-scheme systemswith no redoxmediators exhibit
stronger reduction/oxidation power than all-solid-state Z-scheme systems, because
electrons/holes in the reduction/oxidation catalysts don’t react with the mediator.
If the CB/valence band (VB) potential of the oxidation/reduction catalyst is not
negative/positive enough to reduce andoxidize, the generated directZ-scheme system
would have enhanced reduction and oxidation to the CO2, H2, and •OH radical
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Fig. 13.4 a All-solid-state Z-scheme mechanism with the CdS (shell)–Pt (core)–TiO2 (support)
heterojunction, and b direct Z-scheme mechanism with ZnS@ZnO core–shell nanostructures for
photocatalytic CO2 reduction (Reproduced from Wei et al. 2015 and Li et al. 2018.)

production, respectively. The direct Z-scheme ZnS@ZnO photocatalysts with core–
shell nanostructures were fabricated, which was in favor of CO2 reduction with more
driving force (Fig. 13.4b) [55].

13.4.2 Polarization Effect

Interfacial polarization, resulted from materials of different work func-
tions/electronegativities, acts as a driving force to improve interfacial charge transfer
and electrons accumulation on catalyst surface [56]. On the basis of that, the inves-
tigation of polarization effects on reaction mechanism is worth investigating. For
example, Cai et al. designed an ideal platform based on Pd@Au core–shell cocata-
lysts for CO2 photocatalytic reduction and demonstrated that the different electroneg-
ativities and lattice constants between Au and Pd resulted in a compressive strain on
theAu surface, which shifted up the d-band center and enhanced the key intermediate
adsorption of *COOH. Furthermore, the observed charge polarization at the interface
between Au and Pd was beneficial to charge separation and photocatalytic activity
[29]. He et al. adopted DFT calculation to investigate the polarization effect on the
reaction mechanism. The Fermi level of g-C3N4 was higher than TiO2 and Ti3C2

quantum dots (TCQD), and the different Fermi levels forced electrons to migrate
from g-C3N4 to TCQD and TiO2 once contact. The proposed charge transfer mech-
anism led to the formed interfacial built-in electric fields and the efficient separation
of photogenerated electrons and holes [39].
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13.4.3 Synergistic Interaction of Multiple Components

For CO2 photocatalytic reaction, the synergistic interaction of active sites of photo-
catalysts on the adsorption/activation of reactant CO2 molecules is worthy of being
investigated, especially the reaction mechanism. Reactive sites on photocatalysts are
mainly clarified as four categories: vacancies in the crystal lattice, anchoring func-
tional groups, doping single heterogeneous atoms, and fabricating Lewis acid/base
pairs [22].

Vacancies in the crystal lattice can change the surrounding electron density, which
benefits the affinity of CO2 molecules. In addition, vacancies not only favor light
adsorption, but also act as photogenerated electrons capture sites and promote charge
separation. Yin et al. proposed that the defects (Ti3+) on TiO2 could efficiently accel-
erate the adsorption and activation of the stable CO2 molecules via the synergistic
interaction of Ti3+ and Ti4+ redox through in situ diffuse reflectance infrared Fourier
transform method [30]. Furthermore, the synergistic interaction of the adsorption
sites and photo-electron generation sites plays important roles in CO2 reactionmech-
anism. In hybrid carbon@TiO2 hollow spheres, CO2 is adsorbed on the carbon core
viaπ–π conjugation interactions, and the photoexcited electrons are transferred from
the CB of TiO2 to neighboring carbon, in which the synergistic interaction greatly
enhanced the photocatalytic activity [49].

13.5 Conclusions and Perspectives

In this chapter, we comprehensively summarize recent progress in the research area.
The main conclusions of this review are as follows: (1) the core–shell structures of
photocatalysts are of great significance to the performance of photocatalytic CO2

reduction, in which the effective light harvesting and the migration from bulk to the
surface could thermodynamically andkinetically affect the overall performanceof the
solar-to-fuels conversion, respectively. (2) The core–shell structure designs of photo-
catalysts, i.e., 0D nanoparticles, 1D nanocomposites, 2D nanosheets, and 3D hierar-
chical materials, are able to act as an effective way to modulate the activity and selec-
tivity of CO2 photocatalytic reduction. (3) The interfacial effect mechanism, such as
Z-scheme, polarization effect, internal electric field, and multi-component synergy,
of core–shell photocatalysts have a positive impact on available light absorption,
photogenerated charge transfer, and CO2 adsorption and activation.

However, it should be addressed that the current state-of-the-art for CO2 photo-
catalytic conversion is still far from the practical realization. Fundamental studies
are required to reveal the key challenges in the field. For example, the synthetic
method of core–shell structures is still facing challenges in establishing controllable
fabrication with desired morphology, shell thickness, specific crystal facet, surface
chemistry, etc., and developing simple and fast methods for large-scale preparations
of core–shell structured nanomaterials for practical applications is very important.
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Furthermore, the insight into the absorption, activation, and subsequent conversion
of CO2 during the photocatalytic reduction is highly deficient.

Overall, the development of core–shell structured nanomaterials has been
regarded as a new and potential research area and would explosively increase in
the future.
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Chapter 14
Self-supported CPs Materials
for Photodegrading Toxic Organics
in Water

Shu-Jin Bao, Ze-Ming Xu, Zheng Niu, and Jian-Ping Lang

14.1 Introduction

With the rapid development of industrialization and urbanization, the problem of
water pollution has been becoming more and more serious, and the whole ecolog-
ical environment has been destroyed by toxic, non-biodegradable, persistent dyes,
and nitroaromatic compounds, which is a leading worldwide cause of death and
diseases [1]. For treating industrial wastewater, traditionalmethods including adsorp-
tion, precipitation, and coagulation have been widely used in industrial laboratories.
However, these approaches have many potential limitations because they are not
efficient in dealing with organic pollutants with low concentrations in wastewater,
which cannot be fully eliminated or decomposed via these traditional methods [2].
In this respect, it is imperative to develop greener and more efficient water treatment
technologies to reduce pollution expansion in the world.

Heterogeneous photocatalysis has been proven to be one of the most adopted
options for wastewater treatment [3]. This approach can be performed with low costs
at ambient operating temperatures and pressures under sunlight or other light sources.
A wide range of organic pollutants can be decomposed into easily biodegradable
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compounds or less toxic molecules using this method, and even eventually miner-
alized into innocuous CO2 and H2O without leaving secondary pollution. To date,
some semiconductormaterials such asTiO2, ZnO,ZnS,CdShavebeenwidely used as
photocatalysts for the degradation of organic pollutants due to their relatively high
efficiency, corrosion resistance, and low-cost availability [4, 5]. Due to their poor
visible light absorption, these materials can only be activated in the ultraviolet (UV)
region. At the same time, they would be suffered from their intrinsic poor corrosion
resistance. Besides, to avoid material agglomeration in the process of photocatal-
ysis, some carrier materials, such as activated carbon, alumina, porous silica gel,
have been employed but not with a remarkable performance [6]. Therefore, it is of
great significance to develop other new catalytic materials which are carrier-free,
stable, and have excellent visible light absorption.

In the past decades, coordination polymers (CPs), a class of crystalline inorganic–
organic hybrid materials, have been widely applied to photocatalytic degradation of
pollutants [7]. The CPs, in which metal ions or cluster cores are linked by organic
ligands to form extended networks, are relatively stable in the photocatalytic process
and cannot agglomerate without any carrier materials. For CPs, the conduction band
(CB) is mainly composed of empty d orbitals with the LUMOs of organic linkers.
Therefore, by changing their ligands, the absorption of light could be extended from
UV to UV-visible to the visible region. These results break through the limitation
that most traditional inorganic materials only work well under UV irradiation to
some extent. Meanwhile, doping other metal ions into the framework of CPs is also a
useful strategy to narrow the bandgap, thus improving the photocatalytic activity [8].
Besides, if some photocatalytically active species could be incorporated into CPs to
generate so-called core-shell-like CP-based materials, it is possible to further tune
the electronic structures of CPs and realize the synergic effects of CPs and the active
species and finally enhance the photocatalytic activities of CPs. To our knowledge,
some pristine CPs, metal-ion-doped CPs, and core-shell-like CP-based materials can
exhibit excellent catalytic abilities in photodegrading various toxic organics in water.
This chapter summarizes some recent progress in this respect.

14.2 Photodegradation of Dyes and Nitroaromatics Using
Pristine CPs

Recently, much effort has been devoted to employing various CPs as photocatalysts
to decompose organic dyes and organic pollutants in wastewater. A notable feature of
CPs is that they are controllably synthesized by choosing appropriate organic ligands
and central metals, hence enabling the tuning of their absorption bands and utilizing
various light sources for degrading organic pollutants. Thus, CPs can be served as an
alternative platform for developing efficient photocatalysts for decomposing organic
pollutants inwastewater. Herein, someCPs containing different transitionmetal ions,
such as Zn(II), Cd(II), Mn(II), Co(III), and Ni(II), Ag(I), and Au(I), were examined
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as self-supported photocatalysts to degrade organic pollutants such as methyl orange
(MO),methyl blue (MB), rhodamineB (RhB), and so on underUV, visible, or UV-vis
light (Table 14.1).

Three different CPs {[Zn2(H2O)-(1,4-ndc)2(tpcb)]}n (1), {[Zn(1,4-
ndc)(tpcb)0.5]}n (2), and {[Zn2(H2O)(2,3-ndc)2(tpcb)]}n (3) were synthesized
by solvothermal reactions of Zn(NO3)2 with tetrakis(4-pyridyl)cyclobutane (tpcb)
and 1,4-naphthalenedicarboxylic acid (1,4-H2ndc) and 2,3-naphthalenedicarboxylic
acid (2,3-H2ndc) and their photocatalytic activities were assessed by the degradation
of MO and MB in aqueous solution [9]. The absorption (α/S) data can be calculated
from the reflectance using the Kubelka–Munk function: α/S = (1−R)2

2R , where α is the
absorption, S is the scattering coefficient, and R is the reflectance at a given energy.
If the energy gap (Eonset) obtained by extrapolation of the linear portion of the
absorption edges of one material is in the range of 0–4 eV, it is usually considered as
having semiconducting properties, which is critical in evaluating the photocatalysts.
In these cases, the Eonset value of these three CPs was estimated to be 2.62 eV,
2.90 eV, and 3.34 eV, respectively, indicating they may behave as semiconductors
if exposed to UV light and act as potential photocatalysts. Subsequently, these
compounds were applied as photocatalysts to degrade different organic dyes. For 1,
the degradation of MO or MB was completed in about 24 h, displaying a relatively
low activity for the photocatalytic reaction. In comparison, 2 showed a higher
capacity than 1, and the complete degradation time for MO and MB were 14 and
10 h, respectively (Fig. 14.1). The photocatalytic reaction for the decomposition
of MO and MB initiated by 3 was faster than those catalyzed by 1 and 2. The MO
and MB can be totally decomposed by 3 upon UV light irradiation for 10 and 8 h.
These results demonstrated that the photocatalytic efficiency is 3 > 2 > 1, which may
largely depend on the energy gap between the UV light (λ = 365 nm, hν = 3.40 eV)
and these coordination polymers (for 1, Eg = 2.62 eV; for 2, Eg = 2.90 eV; for 3,
Eg = 3.34 eV), decreasing from 1 (0.78 eV)to 2 (0.50 eV) to 3 (0.06 eV). Such
decreases may lead to the faster decomposition of MO or MB initiated by 3.

Motivated by the synthesis of functional CPs, we have been interested in the
preparation of some polydimensional CPs and would like to investigate whether they
could be used to photocatalytically decompose organic dyes in polluted water. For
this purpose, four different topological CPs formulated as {[Cd3(tpcb)2)(η,η-
μ-SO4)2(H2O)6]SO4·16H2O}n (4), {[Cd(tpcb)0.75(OH)(H2O)2](NO3)}n
(5), {[Cd2(tpcb)(SO4)2(H2O)6]·2MeOH·3H2O}n (6) and
{[Cd(tpcb)(NO3)(H2O)2](NO3)}n (7) were prepared by reactions of CdSO4 or
Cd(NO3)2 with tetrakis(4-pyridyl)cyclobutane (tpcb) under solvothermal condi-
tions or at ambient temperature [10]. Their corresponding band gap values were
2.96, 3.10, 2.68, and 3.24 eV, respectively. Thus these compounds were used to
photocatalytically degrade three common organic dyes (MO, MB, and RhB) in
water (Fig. 14.2). The degradation of MO in water was completed by 4–7 after 5 h,
displaying a similar photocatalytic activity. For MB, its degradation in water was
almost completed after UV irradiation for 2.5 h (4) or 1.5 h (5–7), indicating that 4
had a lower photocatalytic activity compared with 5–7. For RhB, the degradation
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Table 14.1 The photocatalytic performances of various CPs for the degradation of dyes and
nitroaromatics in aqueous media

Coordination polymersa Eg
(eV)

Light
source

Organic
pollutantsb

Degradation
efficiency
(%)

{[Zn2(H2O)(1,4-ndc)2(tpcb)]}n (1) 2.62 UV MO, MB 33, 73

{[Zn(1,4-ndc)(tpcb)0.5]}n (2) 2.90 UV MO, MB 87, 78

{[Zn2(H2O)(2,3-ndc)2(tpcb)]}n (3) 3.34 UV MO, MB 90, 91

{[Cd3(tpcb)2)(η,η-μ-SO4)2(H2O)6]SO4·16H2O}n (4) 2.96 UV MO, MB,
RhB

100, 100,
100

{[Cd(tpcb)0.75(OH)(H2O)2](NO3)}n (5) 3.10 UV MO, MB,
RhB

100, 100,
100

{[Cd2(tpcb)(SO4)2(H2O)6]·2MeOH·3H2O}n (6) 2.68 UV MO, MB,
RhB

100, 100,
100

{[Cd(tpcb)(NO3)(H2O)2](NO3)}n (7) 3.24 UV MO, MB,
RhB

100, 100,
100

[Mn3(oba)3(bbm)(H2O)2]·DMF·2H2O (8) 3.44 UV MB 95

[Co5(bpb)3(oba)4(Hoba)2(H2O)2] (9) 3.27 UV MB 95

[Zn(pbda)(bpp)] (10) 3.40 Sunlight MB 87

[Zn(pbta)0.5(bpp)(H2O)] (11) 3.60 Sunlight MB 83

[Zn(1,4-BDC)(bmimb)]n (12) 2.94 UV RhB 90

[Cd(1,3-BDC)(bmimb)]n (13) 3.00 UV RhB 90

{[Zn(1,3-BDC)(abimb)]·H2O}n (14) 2.77 UV MB 40

{[Zn(5-Br-1,3-BDC)(abimb)]2·0.5H2O}n (15) 2.94 UV MB 84.8

[Zn(1,3-BDC)(nbimb)]n (16) 2.90 UV MB 54.4

[Zn(5-Br-1,3-BDC)(nbimb)]n (17) 2.71 UV MB 59.4

{[Zn(1,3-BDC)(bimpa)]·2H2O}n (18) 3.09 UV MB 75.7

{[Zn(5-Br-1,3-BDC)(bimpa)]·2H2O}n (19) 3.29 UV MB 75.0

[Zn(1,3-BDC)(bimcz)]n (20) 2.81 UV MB 62.8

[Zn(5-Br-1,3-BDC)(bimcz)]n (21) 3.00 UV MB 75.9

{Ag(Sal)(3-bdppmapy)}n (22) 3.31 UV RhB 60

{[Ag4(Sal)2(μ–η,η2-Sal)2](3-bdppmapy)2}n (23) 3.31 UV RhB 100

[Ag4I4(3-bdppmapy)2]n (24) 3.27 UV RhB, MO,
OI, OII,
OIV, OG,
AB, SY,
ACBK,
AR, or
EBT

All 100

[Ag(μ-η2-Sal)(3-dppmapy)] (25) 3.35 UV EBT, AB,
NO

All 100

{[Cd2(H2O)2(tpeb)2(1,2-CHDC)2]·H2O}n (26) 2.23 Vis CR 90

(continued)
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Table 14.1 (continued)

Coordination polymersa Eg
(eV)

Light
source

Organic
pollutantsb

Degradation
efficiency
(%)

[Ag4(NO3)4(dpppda)]n (27) 2.78 UV NB, PNP,
2,4-DNP

100, 100,
100

[Au2(dppatc)2]Cl2 (28) 2.85 UV NB, PNP,
2,4-DNP

100, 100,
100

[Au2(dppmt)2]n (29) 2.98 UV NB, PNP,
2,4-DNP

100, 100,
100

a1,4-H2ndc = 1,4-naphthalenedicarboxylicacid; tpcb = tetrakis(4-pyridyl)cyclobutene; 2,3-
H2ndc = 2,3-naphthalenedicarboxylicacid; H2oba = 4,4′-oxydibenzoic acid; bbm = 1,4-di(1H-
imidazol-1-yl)benzene; bpb = 1,4-di(pyridin-4-yl)benzene; 1,3-BDC = 1,3-benzenedicarboxylate;
1,4-BDC = 1,4-benzenedicarboxylate; bmimb = 4,4′-bis(4-methyl-1-imidazolyl)biphenyl;
H2pbda = 4,4′-{[1,4-phenylenebis(methylene)]bis(oxy)}dibenzoic acid; bpp = 1,3-bis(4-
pyridyl)-propane; H4pbta = 5,5′-phenylenebis(methylene)-1,1′-3,3′-(benzene-tetracarboxylic
acid); abimb = 2-amine-4,4′-bis(1-imidazolyl)-bibenzene; 5-Br-1,3-BDC = 5-bromo-1,3-
benzenedicarboxylate; nbimb = 2-nitro-4,4′-bis(1-imidazolyl)-bibenzene; bimpa = bis-(4-
imidazol-1-yl-phenyl)-amine; bimcz = 3,6-bis(1-imidazolyl)-carbazole; 3-bdppmapy = N,N-
bis(diphenylphosphanylmethyl)-3-aminopyridine; Sal = salicylate; tpeb = 1,3,5-tri-4-pyridyl-
1,2-ethenylbenzene; 1,2-H2CHDC = 1,2-cyclohexanedicarboxylicacid; dpppda = 1,4-N,N,N′,N′-
tetra(diphenylphosphanylmethyl)benzenediamine; dppatc = N,N-bis(diphenylphosphanylmethyl)-
amino-thiocarbamide; dppmtH = (diphenylphosphino)methanethiol
bMO = methyl orange; MB = methyl blue; RhB = rhodamine B; OI = orange I; OII = orange II;
OIV = orange IV; OG = orange G; AB = amino black; SY = sunset yellow; ACBK = acid chrome
blue K; AR = amaranth red; EBT = ericochrome black T; NO = nigrosine; CR = congo red; NB =
nitrobenzene; PNP = paranitrophenol; 2,4-DNP = 2,4-dinitropheno

in water was finished after UV irradiation for 4.5 h (4 and 6), and 3 h (5 and 7).
Thus, these results revealed both 5 and 7 held the better catalytic efficiency for the
degradation of MO, MB, or RhB. Such a good performance of 5 and 7 may also be
attributed to the smaller energy gap between the UV light (3.40 eV) and themselves.

Two entangled CPs formulated as [Mn3(oba)3(bbm)(H2O)2]·DMF·2H2O
(8) (three-dimensional (3D) net with {421·54·63} topology) and
[Co5(bpb)3(oba)4(Hoba)2(H2O)2] (9) (3D net with a (63)(66) topology) were
prepared (Fig. 14.3a, b) [11]. Their energy band gaps (Eonset) were estimated to be
3.44 eV (8) and 3.27 eV (9), respectively. Subsequently, under a UV lamp with a
375 nm wavelength, the photocatalytic activities of 8 and 9 were assessed by the
degradation of MB. When the solution was exposed to UV light for 150 min (8) or
200min (9), the degradation ratio ofMB over 8 or 9 reached 95%. Hence, compound
8 showed a better photocatalytic performance for the decomposition of MB in water
than 9 upon UV irradiation. Whereas, if no photocatalyst existed, the degradation of
MB could not be discerned even after 200 min of UV light irradiation. In addition,
two entangled networks of [Zn(pbda)(bpp)] (10) and [Zn(pbta)0.5(bpp)(H2O)] (11)
(Fig. 14.3c, d) with the bandgap values (Eonset) of 3.4 and 3.6 eV, respectively, were
also isolated and used to degrade MB in water using sunlight irradiation [12], which
was quite rare choosing natural sunlight as a light source. The photocatalytic activity
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Fig. 14.1 a Curves of
absorbance of the MO
solution degraded by 1, 2,
and 3 under UV light.
b Curves of absorbance of
the MB solution degraded by
1, 2, and 3 under UV light.
Reprinted with permission
from Ref. [9]. Copyright
2013 American Chemical
Society

got increased from 25% (without any catalyst) to 87% for 10 and 83% for 11 after
180 min. Obviously, the degradation efficiency of 10 under sunlight irradiation was
slightly higher than 11, which was attributed to the smaller energy gap of 10.

One CP, formulated as [Zn(1,4-BDC)(bmimb)]n (12) with an interpenetrating 3D
framework (Fig. 14.4a), was successfully prepared [13]. Its photocatalytic activity
was evaluated for the degradation of RhB in an aqueous solution under 400 W high-
pressure mercury vapor lamp. About 90% RhB was decomposed within 4.0 h. In
addition, the photocatalytic activity of another CP [Cd(1,3-BDC)(bmimb)]n (13)
featuring a two-dimensional (2D) network without interpenetration (Fig. 14.4b) for
the degradation of RhB was also investigated under the same conditions. About
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(a)

(b)

(c) 

Fig. 14.2 a Curves of absorbance of the MO solution degraded by 4–7 under UV light. bCurves of
absorbance of theMB solution degraded by 4–7 under UV light. c Curves of absorbance of the RhB
solution degraded by 4–7 under UV light. Reprinted with permission from Ref. [10]. Copyright
2014 The Royal Society of Chemistry
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(a)                                 (b) 

(c)                                  (d) 

Fig. 14.3 a Schematic view of the 421·54·63 topological net of 8. b Schematic view of the 3D net
of 9 with a (63)(66) topology. c Two identical layers interpenetrated into each other forming the 2D
+ 2D → 2D in 10. d View of the 3D interpenetrating structure of 11. Reprinted with permission
from Ref. [11]. Copyright 2014 The Royal Society of Chemistry. Reprinted with permission from
Ref. [12]. Copyright 2015 American Chemical Society

Fig. 14.4 a Threefold interpenetrating 3D structure of 12. b 2D network of 13. Reprinted with
permission from Ref. [13]. Copyright 2015 The Royal Society of Chemistry
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90% RhB was decomposed within 3.5 h. These results suggest that the degree of
interpenetration has a slight influence on the degradation of RhB. Meanwhile, both
12 and 13 can be recovered from the catalytic systems and reused for five catalytic
cycles without obvious loss of crystallinity as revealed by PXRD analysis.

Eight Zn(II) CPs with 5-R-1,3-benzenedicarboxylate (R = H, Br) ligands
and bis-imidazolylligands, {[Zn(1,3-BDC)(abimb)]·H2O}n (14) (fourfold inter-
penetrating 3D net), {[Zn(5-Br-1,3-BDC)(abimb)]2·0.5H2O}n (15) (polythreaded
3D net), [Zn(1,3-BDC)(nbimb)]n(16) and [Zn(5-Br-1,3-BDC)(nbimb)]n (17) (3D
net), {[Zn(1,3-BDC)(bimpa)]·2H2O}n (18) (parallel (2D → 2D) twofold inter-
woven network), {[Zn(5-Br-1,3-BDC)(bimpa)]·2H2O}n (19) (3D net similar to
that of 14), [Zn(1,3-BDC)(bimcz)]n (20) (3D polythreaded net), and [Zn(5-Br-1,3-
BDC)(bimcz)]n (21) (3D net) were prepared and subsequently evaluated for the
degradation of MB in aqueous solutions [14]. Their energy band gaps (Eonset) were
estimated to be 2.77 eV (14), 2.94 eV (15), 2.90 eV (16), 2.71 eV (17), 3.09 eV
(18), 3.29 eV (19), 2.81 eV (20), and 3.00 eV (21), respectively. Surprisingly, the
degradation of MB was slowed down by the presence of 14 rather than ‘without
catalysts’. One reason for this was that its solid surface might have a relatively low
affinity to capture MB. The other was that the overall 3D entangled structure of 14
may not be preferable for the generation of electrons in the photo-induced charge
separation process. For 16–21, the degradation ratios after 5 h of UV light irradiation
were 54.4%, 59.4%, 75.7%, 75.0%, 62.8%, and 75.9%, respectively. Compound 15
showed the highest photoactivity and the degradation ratio of 84.8% in 5 h under UV
light irradiation. These complexes exhibited various photocatalytic performances,
whichmay be consistent with their structural diversity and be related to the electronic
charges on their solid surface.

Two Ag(I) complexes with a P–N hybrid ligand, {Ag(Sal)(3-bdppmapy)}n
(22) and {[Ag4(Sal)2(μ–η,η2-Sal)2](3-bdppmapy)2}n (23), displayed high catalytic
activity toward the photodegradation of RhB in water [15]. The photodegradation of
RhB followed zero-order kinetics, which can be written as: c = c0 − kt, where c0
and c are the initial and the remaining concentrations of RhB at regular time inter-
vals, respectively, and k is the apparent zero-order rate constant. The k values were
calculated to be 0.78 × 10−5 (without catalyst), 2.85 × 10−5 (3-bdppmapy), 4.68 ×
10−5(22) and 7.97 × 10−5 (23) mol L−1 h−1, respectively. The results showed that
the degradation of RhB without catalyst was quite slow, but greatly speeded up upon
the addition of different catalysts.

One silver(I) complex [Ag4I4(3-bdppmapy)2]n (24) possesses a unique 2D
network in which chairlike [Ag4I4] units are interconnected by μ3-3-bdppmapy
bridges. It exhibited excellent catalytic activity toward the photodecomposition of a
spectrum of 11 organic dyes in water under UV light irradiation and can be reused
five times without noticeable decay of its catalytic efficiency [16]. Under dark condi-
tions, the concentration of RhB was almost unchanged in the presence of 24. UV
light irradiation in the absence of 24 also did not result in the obvious photocatalytic
decomposition of RhB. In the presence of the photocatalysts and UV irradiation,
RhB was decomposed up to 99.6% within 75 min, which demonstrated that both
UV light and photocatalyst were indispensable for the decomposition of RhB. The
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catalytic performance of 24 was also compared with that of TiO2 under the same
experimental conditions. In the case of TiO2, only 69% of RhB was decomposed
within 75 min, suggesting that the catalytic activity of 24 was better than that of
TiO2. Meanwhile, compound 24 was also examined its capacity in the degradation
of other organic dyes such as RhB, MO, orange I (OI), orange II (OII), orange IV
(OIV), orange G (OG), acid red 27 (AR 27), sunset yellow (SY), amido black 10B
(AB 10B), acid chrome blue K (ACBK), eriochrome black T (EBT) in water. These
dyes were found to be degraded within 150 − 360 min, implying that 24 possessed
a big capacity for dye degradation under UV light irradiation.

[Ag(μ-η2-Sal)(3-dppmapy)] (25) was synthesized by the reaction of a P–N hybrid
ligand N-diphenylphosphanylmethyl-3-aminopyridine (3-dppmapy) and AgSal (Sal
= salicylate), exhibiting good stability in water solution under UV irradiation
[17]. Therefore, compound 25 was applied to degrade eriochrome black T (EBT),
amido black (AB), and nigrosin (NO) in aqueous phase with high photocatalytic
performance. In the presence of 25, the dyes were completely degraded under UV
irradiation after 1.5 h (for EBT), 6 h (for AB), and 6 h (for NO), respectively.

Solvothermal reactions of zinc and cadmium nitrates with 1,3,5-tri-4-pyridyl-
1,2-ethenylbenzene (tpeb) in the presence of 1,2-cyclohexanedicarboxylic acid (1,2-
H2CHDC) gave rise to {[Cd2(H2O)2(tpeb)2(1,2-CHDC)2]·H2O}n (26), which has a
2D wavelike layer structure. It has evident absorbance in the visible light region and
can be employed to efficiently degrade Congo red (CR) in water without additional
oxidizing or reducing reagents upon visible light irradiation [18]. The photobleaching
of CR was negligible in the absence of 26. However, in the presence of 26, 90% of
CR was decomposed upon visible light irradiation for 90 min. This photocatalyst
could be reused five times without losing catalytic efficiency.

One Ag(I)/tetraphosphine 1D chain-like CP [Ag4(NO3)4(dpppda)]n (27) was
prepared by the reaction of AgNO3 with one tetraphosphine ligand, 1,4-N,N,N′,N′-
tetra(diphenylphosphanylmethyl)benzene diamine (dpppda), which exhibited good
catalytic activity toward the photodegradation of nitrobenzene (NB), paranitrophenol
(PNP), and 2,4-dinitrophenol (2,4-DNP) in aqueous solution under UV light irradi-
ation [19]. These three nitroacromatics were all decomposed completely in the pres-
ence of 27 after UV light irradiation for 5 h (for NB and PNP) and 6 h (for 2,4-DNP)
(Fig. 14.5a). The concentration of the remaining nitroaromatic was decreased regu-
larly as the irradiation time was prolonged. This curve followed a pseudo-zero-order
kinetics character, implying that such a catalytic photodegradation reaction might
take place at the surface of 27. Likewise, the zero-order kinetics model could be
expressed by: c = c0 − kt, where c0 and c are the initial and the remaining concen-
trations of each nitroaromatic at regular time intervals, respectively, and k is the
apparent zero-order rate constant. The k values were calculated to be 0.81 × 10−4

(NB), 0.79 × 10−4 (PNP) and 0.73 × 10−4 (2,4-DNP) mol L−1 h−1, respectively.
Compared with the photodegradation of NB catalyzed by TiO2 nanoparticles coated
on a quartz tube, the k value was ca. 3 times larger. Meanwhile, under the catalysis
of TiO2, three nitroacromatics were completely decomposed after taking longer irra-
diation time (7.5 h for NB, 5 h for PNP, and 7 h for 2,4-DNP), which indicated that
27 had a better catalytic activity than TiO2 under the same experimental conditions.
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Fig. 14.5 a Pseudo-zero-order plot for the photodegradation of NB in the presence of 27 under
UV light irradiation. b The repeated catalytic performance of 27 for the photodegradation of NB
in water under UV light irradiation. The square dots and the red line are the experimental data and
the fitted least-square line respectively. Reprinted with permission from Ref. [19]. Copyright 2014
Elsevier BV

In addition, catalyst 27 was quite stable and showed no obvious catalytic efficiency
decay after the fifth cycle reaction (Fig. 14.5b).

Solvothermal reactions of HAuCl4·4H2O with a P–S hybrid ligand N,N-
bis(diphenylphosphanylmethyl)-amino-thiocarbamide (dppatc) at 80 and 115 °C
produced two Au–P–S complexes, [Au2(dppatc)2]Cl2 (28) and [Au2(dppmt)2]n (29)
(dppmtH = (diphenylphosphino)methanethiol) [20]. The Eg values were estimated
to be 2.85 eV (28) and 2.98 eV (29), implying a semiconducting nature. There-
fore, both 28 and 29 can be activated by UV light and have a potential capacity for
photocatalytic reactions. When the reaction solution was mixed with the catalyst and
irradiated by UV light, each substrate could be fully decomposed within 3.5 h to
6 h (for 28: NB, 3.5 h; PNP, 3.5 h; DNP, 4 h; for 29: NB, 4.5 h; PNP, 4 h; DNP,
6 h). The degradation reactions followed the zero-order kinetic model, in which three
nitroaromatics could be converted into CO2 and H2O in 92–96% yields.

14.3 Photodegradation of Dyes Using Ion-Doped CPs

Although several CP-based photocatalysts for photodegrading dyes under UV light
have been reported, to design and fabricate highly photocatalytic efficient and visible-
light activeCPs is still a big challenge because of thewide band gaps of the photocata-
lysts and fast recombination rate between photogenerated electrons and holes during
the photocatalytic process. Therefore, to break through this challenge, it is necessary
to modify CP-based photocatalysts with certain techniques. In the past few years,
some synthetic approaches to modify CP-based materials have been developed. One
is to dope different metal ions into the frameworks of CPs, which is a useful strategy
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to narrow the bandgap, thus improving the photocatalytic activity. Several ion-doped
coordination polymers used to degrade dyes under UV light with high efficiency will
be introduced below.

In order to contrast the catalytic photodegradation activities of CPs and ion-
doped CPs, two isostructural CPs [Zn2(tipm)(1,3-BDC)2] (30) and [Co2 (tipm)(1,3-
BDC)2]·0.5CH3CN (31·0.5CH3CN) were synthesized by the reactions of Zn(NO3)2
or Co(NO3)2 with tetrakis[4-(1-imidazolyl)phenyl]methane (tipm) and benzene-
1,3-dicarboxylic acid (1,3-H2BDC) under solvothermal conditions and two cobalt
ion-doped CPs, [Zn1.952Co0.048(tipm)(1,3-BDC)2] (32) and [Zn1.54Co0.46(tipm)(1,3-
BDC)2]·H2O (33) were also prepared (Table 14.2) [21]. The energy band gaps were
estimated to be 2.25 (30), 1.38 (31), 1.80 V (32), and 1.77 eV (33), which were
in the semiconductor range. Therefore, these four materials have been applied to
degrade RhB in aqueous solution. When the reaction solutions were mixed with
an equimolar catalyst and irradiated by UV light, the RhB was almost completely
decomposed within 4 h (for 30 at 4 h,95%; for 31 at 3 h, 97%; for 32 at 2.5 h, 94%;
and for 33 at 2 h, 90%). These results indicate that the Co-doped CPs 32 and 33 are
superior photocatalysts than the undoped CPs 30 and 31 and further demonstrate the
importance of metal-ion doping to the tuning of the properties of CP-based catalyst
materials. Besides, the doped CP 33 showed no significant decrease in efficiency
even after five cycles.

The solid-state reaction of {[Pb(Tab)2]2(PF6)4}n (34) (TabH = 4-
(trimethylammonio)benzenethiol) with 1,2-bis(4-pyridyl)ethylene (bpe) at room
temperature afforded a unique 2D CP {[Pb(Tab)2(bpe)]2(PF6)4}n (35). The corre-
sponding Ag(I) ion-doped CP {[Pb(Tab)2(bpe)]2(PF6)4·1.64AgNO3}n (36) was
readily prepared by immersing 35 into AgNO3 aqueous solution [22]. The energy
band gaps of 34-36 are 2.51 eV, 2.52 eV, and 2.46 eV, respectively, implying a
semiconductive nature, and 36 possessed the narrowest bandgap, suggesting that the
‘doping strategy’ may be a feasible approach to narrow the bandgap of the parent
complex. These three CPs were used to photodegrade 12 different kinds of azo dyes
includingMO,AO7,OI, OIV, OG, CR,AR 27, SY, AB 10B,NO,ACBK, and EBT in
water under UV light irradiation. Under the same experimental conditions, 34–36 all
exhibited good photocatalytic behaviors for the MO decomposition. Among them,
36 showed the highest photoactivity and 95% of MO was degraded in ca. 50 min
under UV light irradiation, whereas for 34 or 35, it took 120 min to decompose
about 35% of MO. For 34 and 35, AB 10B could be decomposed within 60 and
25 min, while it only took 12 min to degrade this dye by using 36 as a catalyst. In the
case of CR, only 10% of the substrate was degraded in the absence of the catalysts
in 2 h. Surprisingly, 36 showed significant enhancement in the photodegradation of
CR compared with 34 and 35. Almost 100% of CR was eliminated within 3 min
(36), 18 min (35), and 30 min (34). Moreover, 36 also displayed better catalytic
activity for the photodegradation of other azo dyes employed than that of either 34
or 35. These results showed that the Ag(I)-doped complex 36 was more efficient
than its precursors in the catalytic photodecomposition of azo dyes under UV light
irradiation, which was ascribed to the fact that it holds the narrowest bandgap among
the three complexes.
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Table 14.2 The photocatalytic performances of various ions-doped CPs for the degradation of dyes
and nitroaromatics in aqueous media

Coordination polymersa Eg
(eV)

Light
sources

Organic
pollutantsb

Degradation
efficiency (%)

[Zn2(tipm)(1,3-BDC)2] (30) 2.25 UV RhB 95

[Co2 (tipm)(1,3-BDC)2]·0.5CH3CN (31) 1.38 UV RhB 97

[Zn1.952Co0.048(tipm)(1,3-BDC)2] (32) 1.80 UV RhB 94

[Zn1.54Co0.46(tipm)(1,3-BDC)2]·H2O (33) 1.77 UV RhB 90

{[Pb(Tab)2]2(PF6)4}n (34) 2.51 UV MO, AO 7,
OI, OIV, OG,
CR, AR 27,
SY, AB 10B,
NO, ACBK,
EBT

95, 100, 100,
30, 60, 100,
100, 100, 100,
100, 100, 100

{[Pb(Tab)2(bpe)]2(PF6)4}n (35) 2.52 UV MO, AO 7,
OI, OIV, OG,
CR, AR 27,
SY, AB 10B,
NO, ACBK,
EBT

95, 100, 100,
80, 60, 100,
100, 100, 100,
100, 100, 100

{[Pb(Tab)2(bpe)]2(PF6)4·1.64AgNO3}n (36) 2.46 UV MO, AO 7,
OI, OIV, OG,
CR, AR 27,
SY, AB 10B,
NO, ACBK,
EBT

95, 100, 100,
85, 95, 100,
100, 100, 100,
100, 100, 100

[Cd(ppvppa)2(1,3-bdc)]·2H2O (37) 2.62 UV RhB, AR 27,
theophylline

100, 100, 95

[Co(ppvppa)2(1,3-bdc)]·1.5H2O (38) 2.71 UV RhB, AR 27,
theophylline

100, 100, 95

[Cd(ppvppa)2(1,3-bdc)]·AgNO3 (39) 2.58 UV RhB, AR 27,
theophylline

100, 100, 95

[Co(ppvppa)2(1,3-bdc)]·0.75AgNO3 (40) 2.42 UV RhB, AR 27,
theophylline

100, 100, 95

atipm = tetrakis[4-(1-imidazolyl)phenyl]methane; TabH = 4-(trimethylammonio)benzenethiol;
bpe = 1,2-bis(4-pyridyl)ethylene; ppvppa = N-(pyridin-2-yl)-N-{4-[2-(pyridin-4-
yl)vinyl]phenyl}pyridin-2-amine; 1,3-H2bdc = isophthalic acid. bRhB = rhodamine B; MO
= methyl orange; AO 7 = acid orange 7; OI = orange I; OIV = orange IV; OG = orange G; CR
= congo red; AR 27 = acid red 27; SY = sunset yellow; AB 10B = amido black 10B; NO =
nigrosin; ACBK = acid chrome blue K; EBT = eriochrome black T

In addition, the possiblemechanism of photodegradation of various organic pollu-
tants by Ag(I)-doped complex 36 was shown in Fig. 14.6. For 34 and 35, electrons
transfer to CB from VB and positively charged holes are formed in VB under UV
light irradiation. After reaching the surface of the catalyst, the electrons and holes
generate radical species such as ·O2

− and ·OH,which can destroy azo dyes. However,
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Fig. 14.6 Schematic illustration of the catalytic photodegradation process and the charge separation
of 36 under UV light irradiation. Reprinted with permission from Ref. [22]. Copyright 2015 The
Royal Society of Chemistry

with the doping of Ag+ into the network of 35, a new energy level can be generated
between the 4d orbital of Ag+ and the CB of 35, which amounts to the CB of 36. The
VB energy level of 36 remains the same as that of 35, while its CB energy level is
lower compared with that of 35, which leads to a decrease in the bandgap. Therefore,
it is easier for 36 to excite electrons from VB to the newly formed CB than 34 and
35 and generate the corresponding radical species more quickly.

Two 2D CPs, [Cd(ppvppa)2(1,3-bdc)]·2H2O (37) and [Co(ppvppa)2(1,3-
bdc)]·1.5H2O (38) were synthesized from solvothermal reactions of M(NO3)2 (M =
Cd, Co) with isophthalic acid (1,3-H2bdc) and N-(pyridin-2-yl)-N-{4-[2-(pyridin-
4-yl)vinyl]phenyl}pyridin-2-amine (ppvppa) at 150 °C [23]. In both 37 and 38, the
uncoordinated di(pyridin-2-yl)amine of ppvppa can further bind additional metal
ions. Therefore, two Ag(I) ion-doped CPs, [Cd(ppvppa)2(1,3-bdc)]·AgNO3 (39)
and [Co(ppvppa)2(1,3-bdc)]·0.75AgNO3 (40), were successfully obtained via post-
modification of 37 and 38, respectively. The catalytic activities of 37–40were evalu-
ated by examining the photodegradation of RhB,AR27, and theophylline. Compared
with 37 and 38, 39 and 40 exhibited greatly enhanced catalytic activities toward the
photodegradation of RhB, AR 27, and theophylline in water due to their narrower
bandgaps. For 37 and 38, it took 110 min to destroy AR 27, whereas for 39 and 40,
only 70 and 45min, respectively, were needed. Compounds 39 and 40 showed similar
catalytic activity enhancement in the photodegradation of theophylline compared
with 37 and 38. For 40, the apparent rate constants for the photodecomposition of
the three pollutants are around 4.4, 2.3, or 1.76 times larger than those of 38, respec-
tively. The improved catalytic activities of 39 and 40 are likely due to the doping
Ag(I) ions in the frameworks of the CPs which narrows the band gaps and speeds up
the separation of photo-induced electrons and holes. The results provided an insight
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into a metal-ion doping strategy that can narrow the band gaps of the CPs and thus
greatly improve their photocatalytic performance in degrading organic pollutants in
water.

14.4 Photodegradation of Dyes Using Core-Shell-Like
CP-Based Materials

Core-shell nanostructures containing a metal or metal oxide/sulfide species inside
a void space surrounded by a semiconductor shell have been widely investigated,
which can greatly combine the advantages of high catalytic activity of nanometal
cores and the hollow structures of CPs [24]. Due to the ease of controlling the
porosity and morphological properties, the large surface area, and a broad variety
of metallic centers, CPs materials have also captured extensive attention in the field
of photocatalysis in the past two decades. They can offer the broad platform to
encapsulate photocatalytically active species as well as photo-sensitizers to form
core-shell-like CP-based materials [25], which are similar to those of core-shell
structures described in this book. Described below are two examples related to such
structures and their performances of photodegrading dyes in water, though limited
in number.

One example is that a nanomaterial Ag/AgCl@MIL-101 (MIL = Matériaux
de l’Institut Lavoisier) possessing great visible-light response was prepared via
vapor diffusion-photoreduction strategy, in which Ag/AgCl hybrid nanoparticles
with 200–500 nm were uniformly distributed on the surface of MIL-101 submi-
crocubes (Fig. 14.7) [26]. Under visible light irradiation, this photocatalyst displayed
improved photocatalytic activity to degrade RhB in water utilizing their synergistic
effect, which is likely due to the large surface area of MIL-101 and good dispersion
of Ag/AgCl on the surface of MIL-101.

Theother example is that a nanocompositeAgBr@HPU-4basedon a3DCu-based
CP, {[Cu(L)0.5 (H2O)2]·4H2O}n (HPU-4) (L= 5,5′-(1H,1′H-[2,2′-biimidazole]-1,1′-
diylbis(methylene))diisophthalic acid) was prepared through a facile reaction route
[27]. This material has strong optical performances nearly in the whole range of
visible light spectrum seen from its UV-Vis absorption spectrum. Therefore, the
photocatalytic activity of AgBr@HPU-4 under visible-light irradiation was investi-
gated toward the degradation of MB and MO dyes. The results revealed that 95% of
MBwas degraded in 60 min and 92% ofMO could be decomposed in 120 min under
visible-light irradiation. Compared with HPU-4, AgBr and the physical mixture of
pureHPU-4 andAgBr, the photocatalytic activity ofAgBr@HPU-4 ismuchhigher.A
possiblemechanism is suggested and displayed in Fig. 14.8. Upon visible light irradi-
ation, AgBr can absorb visible light, and many electron-hole pairs are produced. The
electrons quickly transport to the HPU-4. Meanwhile, the photogenerated electron-
hole pairs would also separate through the ligand to metal charge transfer process,
keeping a photo-induced electron in the conduction band (CB) and a positive-charged
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Fig. 14.7 Schematic view of the Ag/AgCl@MIL-101. Reprinted with permission from Ref. [26].
Copyright 2015 Elsevier Inc.

Fig. 14.8 The schematic
illustration of degradation of
dyes. Reprinted with
permission from Ref. [27].
Copyright 2019 Elsevier Ltd.

hole in the valence band (VB). The electrons may be adsorbed by dissolved O2 and
H2O molecules on the photocatalyst surface to yield O2

−, ·O2
−, and other reactive

oxygen species, which are further reacted with H2O to afford ·OH [28]. In addition,
the holes in the valence band can directly oxidize H2O to form ·OH. Then the highly
reactive ·OH can destroy the dye molecules.

14.5 Summary and Outlook

This chapter mainly deals with three types of self-supported photocatalysts, that
is, pristine CPs, metal-ion-doped CPs, and core-shell-like CP-based materials,
which show remarkable photocatalytic activities [24]. Under the carrier-free, low-
cost, highly efficient, and ecofriendly conditions, organic dyes and nitrobenzene
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compounds can be readily degraded by using the above photocatalysts. It is antic-
ipated that there is still much space to develop low-cost, highly efficient and eco-
friendly CP-based or modified CP-based photocatalysts, which can be used not only
for the decomposition of various organic pollutants, but also for other applications
such as photocatalytic hydrogen evolution, photocatalytic oxygen absorption as well
as photocatalytic carbon dioxide conversion. Meanwhile, the photoactivity of CPs
may be further improved if some photosensitive nanomaterials such as CdS, CdSe,
CdTe, and ZnS nanoparticles can be successfully incorporated or introduced into the
frameworks of CPs to form core-shell like structures.
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Chapter 15
Synthesis of Plasmonic Catalyst
with Core-Shell Structure for Visible
Light Enhanced Catalytic Performance

Meicheng Wen, Kohsuke Mori, Yasutaka Kuwahara, Guiying Li,
Taicheng An, and Hiromi Yamashita

15.1 Introduction

Pd, one of the most active catalysts, has been frequently employed in the synthesis of
a large number of natural products and biologically active compounds [1–3] .Usually,
the Pd-catalyzed chemical reactions usually require a high temperature to conquer
the potential barrier to further drive chemical reactions, which leads to a huge energy
consumption. In contrast, solar energy, as unlimited and sustainable energy sources
[4, 5], is becoming a promising energy source. The conversion of solar energy
into electric energy and thermal energy for driving Pd-catalyzed chemical reactions
at ambient temperatures has been emerging as a most promising method for the
synthesis of a large number of natural products and biologically active compounds
[6–9]. Since the discovery of electrochemical photolysis of water on TiO2 semicon-
ductor-based electrode [10, 11], semiconductor has attracted widespread attention in
energy exploitation and environmental decontamination [12, 13], which allows toxic
pollutant molecule decomposition or water splitting into O2 and H2 [14]. However,
the wide bandgap of TiO2 is about 3.2 eV, which deeply limits its absorption wave-
lengths to less than 390 nm. In terms of energy proportion, sunlight contains less
than 5% of UV light, whereas visible light (400–800 nm) accounts for the majority
(ca. 43%). Therefore, it is desirable to develop visible light-driven photocatalysis,
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which entails broader visible light absorption and higher selectivity towards organic
synthesis over Pd-based catalysts.

In recent years, plasmonic catalysts, such as nanostructured metals (Au, Ag, and
Cu) [15–19], and highly-doped semiconductors (WO3-x, andMoO3-x) [20–23], repre-
sented as a class of promising visible light responsive materials, have been widely
used to improve the efficiency of catalysis either by their intense visible/near-infrared
response or efficient charge separation. A large amount of free charge carriers in plas-
monic catalysts oscillate with incident light, leading to the localized surface plasmon
resonances (LSPRs). LSPR is the free conduction electrons in solid materials that
resonated with the electromagnetic field of the incident light [24]. Hot electrons with
high energy, which are generated through the LSPR effect, have been widely used
to improve the performances of many applications, especially for organic synthesis
[25, 26]. The unique characteristic of plasmonic materials has given rise to a new
approach to sensitize Pd-active sites and boost their intrinsic activity of Pd, which
opens up new avenues for the efficient conversion of the abundant sunlight into
chemical energy.

15.2 Plasmonic Au@Pd Nanoparticle Supported
on Metal-Organic Framework for Boosting
the Hydrogen Production from Formic Acid

It is well-known that nanostructured Au can strongly absorb visible light efficiently
owing to its LSPR effect [27]. The free conduction electrons confined in Au nanopar-
ticles resonate with the electromagnetic field of the incident light. As a result, ener-
getic hot electrons induced by LSPR can either be transferred to the neighboring
absorbent or come back to the ground state by releasing the excess energy to the
surrounding environment. In the case of plasmonic Au@Pd nanoparticles with core-
shell structure, a plasmonically excited hot electron will transfer across the Au and
Pd interface due to the lower electronegativity of Pd (2.20) than that of Au (2.54)
[28], resulting in an increase of the surface electron density of Pd [29], which is
useful to enhance the catalytic activity for H2 production by dehydrogenation of
formic acid. Plasmonic Au@Pd nanoparticle with core-shell structures supported on
titanium (Ti) doped metal-organic frameworks (MOFs) were prepared for boosting
hydrogen production from formic acid [30].

The core-shell structure of Au@Pd nanoparticles was investigated by HAADF-
STEM. TheHAADF-STEM imagewith high spatial resolution offers direct informa-
tion on the morphology and structure of Au@Pd nanoparticle (Fig. 15.1a), in which
the dark shell and bright core suggested the formation of a core–shell structure. Two
types of crystal lattice were observed on the metal nanoparticle, the shell interplanar
fringes were determined to be 2.78 and 1.58 Å (Fig. 15.1b), which is ascribed to the
crystal lattice of the (101) and (211) planes of Pd. The exposed facet of analyzed
nanoparticles wasmeasured to be Pd. The core interplanar fringes of the nanoparticle
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Fig. 15.1 HAADF-STEM
image of Au@Pd
nanoparticle (a), b,
c magnified cross sections of
the image, and d the
cross-sectional EDX line
profile of a single Au@Pd
core–shell nanoparticle, e,
f high-magnification EDX
spectra of Pd and Au for an
individual Au@Pd
nanoparticle. Reproduced
with permission from Ref.
[30]. Copyright@2017
American Chemical Society

were measured to be 2.01 Å (Fig. 15.1c), which is ascribed to the crystal lattice of
the (200) planes of Au. This result indicates that the Au core is covered by the Pd
shell. In order to further investigate the distribution of Pd and Au elements in an
individual Au@Pd nanoparticle, the HAADF image of the Au@Pd nanoparticle and
the corresponding element mapping images are recorded and displayed as Fig. 15.1d.
It can be observed that the Pd-L signals are weak in the core part and strong in the
shell part, whereas the signal of Au-L in the center part is stronger than that in the
periphery part, which clearly suggests that the Pdmainly existed in the shell part. The
EDX line scan profile also suggests the core-shell structure of the metal nanoparticle,
where the Pd signal is detected on the surface of the nanoparticle and the Au signal
is detected in the core of nanoparticle. The presence of uniform Pd and Au in this
individual nanoparticle was consistent with the formation of the proposed core-shell
structure.

The catalytic activity of Au@Pd supported MOFs was evaluated by formic acid
dehydrogenation. The reaction was carried out by stirring the catalyst (0.01 g) in
0.2 mL of formic acid and 4.8 mL of water under Ar atmosphere. As shown in
Fig. 15.2, noH2 was produced overAu/UiO-66(Zr85Ti15) even under light irradiation.
A small amount of H2 was detected over Pd/UiO-66(Zr85Ti15) under dark condition,
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Fig. 15.2 Formic acid
dehydrogenation with
different catalysts in the dark
(black bars) or under visible
light irradiation (gray bars, λ
> 420 nm, 320 mW cm−2)

and enhancement of activity under light irradiation is slight, suggesting that the reac-
tion is driven byPdnanoparticles.However, it is interesting to observe that allAu@Pd
supported MOFs exhibited much higher activities than monometallic nanoparticles
supported MOFs owing to the synergistic effect of Au and Pd. The increase in the
amount of Ti doping enhances the activity, and Au@Pd/UiO-66(Zr85Ti15) produces
the largest amount of H2. Further increase of the doping amount of Ti caused a signif-
icant decrease in activity. The enhanced activity of Au@Pd nanoparticle supported
sample can be ascribed to the electronically promoted Pd by the charge transfer
arising from the difference in the work function of Au and Pd [31]. To elucidate this
promoting effect, Au + Pd/UiO-66(Zr85Ti15) was prepared by the physical mixture
of Pd/UiO-66(Zr85Ti15) and Au/UiO-66(Zr85Ti15) was used as a reference sample.
As shown in Fig. 15.2, considerable enhancement of Au+ Pd/UiO-66(Zr85Ti15) was
observed, but still lower than that of Au@Pd/UiO-66(Zr85Ti15). On the basis of the
above results, it is evident that the presence of Au@Pd nanoparticles with core-shell
structure is essentially important for promoting the catalytic activity.

Figure 15.3 proposes the possible reaction pathway for the visible light enhanced
H2 production from formic acid by using Au@Pd/UiO-66(Zr85Ti15). It was reported
that a large amount of weakly basic –NH2 groups have a positive effect on O–H bond
dissociation, in which the weakly basic –NH2 groups act as a proton scavenger to
form –+HNH2 and a Pd-formate intermediate. Pd-formate species then undergoes C–
H bond dissociation to afford CO2 and a Pd-hydride (Pd-[H]−) species. Finally, the
reaction of hydride species with –+HNH2 produces molecular hydrogen, following
the regeneration of the metal species. After the visible light absorption by plasmonic
Au@Pd nanoparticle and photoactive MOFs, the photo-generated electron migrates
to Pd-active site. Such electron-rich Pd species significantly facilitates C-H bond
cleavage from the Pd-formate intermediate. Meanwhile, formic acid serves as an
electron donor, which donates electrons to the electron-deficient organic linkers and
Au to continue the photo-assisted H2 production from formic acid. It is reasonable to
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Fig. 15.3 Possible reaction
pathway for the visible light
enhanced H2 production
from formic acid
decomposition over
Au@Pd/UiO-66(Zr85Ti15)
under visible light
irradiation. Reproduced with
permission from Ref. [30]
Copyright @ 2017 American
Chemical Society

conclude that the synergistic effect of the weakly basic amine groups within metal-
organic frameworks and the LSPR effect of Au@Pd nanoparticles and photoac-
tive MOFs induced electronically promoted Pd species which accounts for its high
catalytic activity. The dissociation of O–H and C–H bonds of formic acid is individ-
ually facilitated by the assist of amine groups within MOFs and active electron-rich
Pd sites induced by plasmonic effect under visible light irradiation.

15.3 Pd-Decorated Au Nanorod for Enhancing
Pd-Catalyzed Suzuki–Miyaura Coupling Reaction

In the section, Au nanorods are used as plasmonic converters to efficiently harvest
light, Silica with high surface area and extremely low bulk density was selected as
support, and Pd nanoparticle act as a catalyst to drive Suzuki–Miyaura reaction at
ambient temperatures [32]. Au nanorods were obtained using the silver ion-assisted
seed-mediated method and successfully deposited onto the surface of fumed SiO2 by
employing a simple ultrasonic-assistedmethod. Then, the Pd nanoparticles decorated
on the surface of Au nanorod were realized by using sodium formate as a reducing
agent. TEMwas used to record the morphology of as-prepared sample. Au nanorods
with ~40 nm in length and ~10 nm in diameter can be clearly observed. No significant
agglomeration of Au nanorods occurred, indicatingAu nanorods werewell dispersed
on SiO2. After reducing Pd nanoparticles on the surface of Au nanorods, the smooth
Au nanorods with dense core became rough. The morphological change suggests
that Pd nanoparticles are successfully grown on the surface of the Au nanorods.

The optical properties of all prepared samples were investigated by UV-vis
spectra. As shown in Fig. 15.4. The spectrum of Pd/SiO2 is obviously different
from Au/SiO2. Pd/SiO2 displayed a weak optical response in high-energy region
(λ < 500 nm) assigned to LSPR of Pd nanoparticles [33]. In contrast, Au/SiO2
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Table 15.1 Yields of Pd-catalyzed Suzuki-Miyaura coupling reaction over Pd/SiO2, Au/SiO2, and
Pd-Au/SiO2 of various Pd/Au weight ratios under visible light irradiation at ambient temperature

Entry Pd:
Au

Yield/% TON

Light
(temp./°C)

Dark
(temp./°C)

Heatinga (temp./°C) Light Dark Heatinga

1 0: 1 0 (30.5) 0 (25) 0 (30.5) 0 0 0

2 0.1:
1

62 (32.2) 7 (25) 23 (32.2) 664 78 241

3 0.3:
1

73 (36.0) 25 (25) 49 (36.0) 259 89 173

4 0.5:
1

78 (36.8) 29 (25) 58 (36.8) 167 62 123

5 1: 1 71 (44.1) 25 (25) 66 (44.1) 76 27 71

6 0.5:
0

10 (27.3) 7 (25) 10 (27.3) 21 15 21

aReaction conditions under conventional thermal heating using oil bath; iodobenzene (0.3 mmol),
phenylboronic acid (0.2 mmol), catalyst (20 mg) 30 min, Ar atmosphere. The values in parentheses
are the temperature of the reaction mixture. TON was calculated based on Pd

Fig. 15.4 UV-vis spectra of
the Pd-Au/SiO2 samples,
Au/SiO2, and Pd/SiO2
catalysts. Reproduced with
permission from Ref. [32]
copyright 2014 Elsevier
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exhibits two intense absorption band in the visible region owing to the LSPR exci-
tation. The two intense absorption peaks are corresponding to the transverse and
longitudinal surface plasmon resonances of Au nanorods, respectively [27]. After Pd
nanoparticle decorating, the absorption intensity in the visible region (λ > 400 nm)
significantly increased due to the charge heterogeneity exited in the abrupt atomic
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interface between Au nanorods and Pd nanoparticles, leading to the energetic elec-
trons transferred from Au nanorods to Pd nanoparticles [34]. Furthermore, the peak
position of longitudinal surface plasmon resonance showed strong red-shift while
transverse surface plasmon resonance exhibited slight red-shift with increasing Pd
loading amount, suggesting the formation of Pd-Au hybrid catalystwith the increased
length but a nearly unchanged diameter. However, the decrease in the absorption
intensity for 1 wt% Pd loaded hybrid catalyst might be ascribed to the filter effect
by Pd nanoparticles which prevent reaching of irradiated light on the surface of Au
nanorods. In addition, with the increase of Pd loading from 0 to 1.0 wt%, the color
of the catalyst changed from dark blue to gray, which visually demonstrated that the
Pd nanoparticle was successfully loaded onto the surface of Au nanorods. This result
provides the possibility of optically tuning gold-based plasmonic hybrid catalyst by
simply changing the amount of Pd nanoparticles loading.

The catalytic activity of as-prepared sample was evaluated by Suzuki–Miyaura
coupling reaction. As summarized in Table 15.1, no significant reaction occurred
over Au/SiO2 without Pd nanoparticles even under light irradiation, demonstrating
the reaction was catalyzed by Pd. Little reaction occurred on Pd/SiO2 under dark,
and enhancement of activity under light irradiation or thermal heating is slight,
suggesting that the coupling reaction is driven by Pd nanoparticles. After loading
with Pd nanoparticles on the surface of Au nanorods, the Pd-Au/SiO2 hybrid catalyst
showedmuch higher activity than Pd/SiO2, affording 62%, 7%, and 23% yields were
obtained using 0.1 wt% Pd nanoparticles loaded Au/SiO2 under light irradiation,
dark, and thermal heating, respectively. This corresponds to turnover numbers 664,
78, and 241, respectively. The optimumPd: Aumass ratio for Suzuki–Miyaura cross-
coupling reaction was found to be around 0.5: 1, in which 78% yield was obtained
under light irradiation while 58% yield was obtained under thermal heating. The
enhanced activity under light irradiation can be attributed to the LSPR effect. With
the increase of Pd loading from 0.1 to 0.5 wt%, the yields increased owing to the
increased number of active sites at each condition. Further increase of Pd loading to
1.0 wt% caused a decrease in activity, which could be attributed to the filter effect by
an excess amount of Pd nanoparticles and gathering of Pd into large nanoparticles.
In addition, with the increase of Pd loading, the end temperatures of the reaction
solutions were increased owing to the enhanced LSPR effect of Au nanorods in the
near-infrared region.

In order to elucidate this promoting effect by the assistance of LSPR effect, a
reference samplewas prepared by the physicalmixture of 0.5wt%Pd/SiO2 and1wt%
Au/SiO2 (sample c). Figure 15.5 displays the relative contributions of theLSPReffect
and thermal heating processes to the yield of coupling products. Sample a displayed
the higher activity as compared to sample b and sample c, which can be assigned to
the LSPR effect of Au nanorods in the near-infrared region. Compared with thermal
heating, sample a and sample c exhibit higher activity for the reaction under visible
light irradiation due to the LSPR effect. In contrast, low yield was observed for
sample b without Au nanorods even under light irradiation. The possible reason for
the significantly enhanced activity under visible light irradiation might be attributed
to the synergistic effect between Pd nanoparticles and Au nanorods. An energetic
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Fig. 15.5 Yield and the end temperature of sample a (0.5 wt% Pd-Au/SiO2), sample b (0.5 wt%
Pd/SiO2), and sample c (physically mixture of 0.5 wt% Pd/SiO2 and Au/SiO2) for Suzuki–Miyaura
coupling reaction. Reproduced with permission from Ref. [32], copyright 2014 Elsevier

conduction electron is formed on the surface of Au nanorod through the LSPR effect
upon visible light irradiation. Subsequently, the energetic electron transfers to the Pd
nanoparticle due to the charge heterogeneity that existed in the abrupt atomic interface
between Au nanorods and Pd nanoparticles. The oxidative addition step, which is the
rate-determining step in Suzuki–Miyaura coupling reaction, may be accelerated by
the activated Pd species, leading to the enhancement of intrinsic catalytic activity of
Pd-catalyzed reaction. On the other hand, the energetic electrons release the energy
to the surrounding environment [34, 35], leading to an increase in temperature. The
end temperatures of the reaction solutions were 36.8, 27.3, and 31.2 °C for sample
a, sample b, and sample c, respectively. An increase in temperature indicated the
effective conversion of solar light into thermal energy through photothermal heating
processes achieved by the LSPR effect of Au nanorods and Pd nanoparticles. Sample
c displayed low activity even under light irradiation, which means only photothermal
heating play a role in the catalytic reaction. Therefore, Pd-Au/SiO2 hybrid catalysts
not only take advantage of generating active electron-rich Pd species, but also play an
important role in increasing reaction temperature by photothermal heating, resulting
in the enhancement of catalytic activity.

15.4 Summary and Outlook

This chapter dealswith a new type of visible light responsive catalysts designed by the
integration of plasmonic metal with Pd-active species. Which successfully showed
strong visible light absorption capacity as well as an exceptional catalytic activity for
various Pd-catalyzed chemical reaction (Suzuki–Miyaura coupling reaction, formic
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acid dehydrogenation) under visible light irradiation. The reason for the significantly
enhanced activity under visible light irradiation might be attributed to the syner-
gistic effect between Pd nanoparticles and plasmonic Au nanostructure in effective
conversion of solar light, facilitating the energetic electron transfer, producing the
electron-rich Pd species, increasing reaction temperature by photothermal heating.
Although great achievements have been obtained, the plasmon-directed photocatal-
ysis is still in its infancy. Many issues, such as the band alignment, interfacial struc-
ture, and contacting architectures between plasmonic metals and support materials,
need more in-depth investigations. This chapter supplies a platform to design plas-
monic material-metal nanoparticle hybrid catalyst for efficient utilization of sunlight
for a wide range of chemical reactions.
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Chapter 16
Functionalization of Plasmonic
Photocatalysts by the Introduction
of Core–Shell Structure

Atsuhiro Tanaka and Hiroshi Kominami

16.1 Introduction

Unique optical properties of metallic nanoparticles have been applied in many
different fields including biochemistry, sensing science, and catalysis. Nanoparticles
of metals such as copper (Cu), silver (Ag), and gold (Au) show strong absorption
of visible light due to surface plasmon resonance (SPR). Recently, supported Au
nanoparticles have been applied to a visible-light-responding photocatalyst because
Au nanoparticles are physically and chemically stable under irradiation of light. Now
research on Au plasmonic photocatalysts are in the next stage of control of SPR and
drastic increase in the reaction rate and the product selectivity. These challenges can
be overcome through functionalization of Au plasmonic photocatalysts [1–3].

A combination of two or more kinds of metals has been widely applied in
various materials to enhance the performance and reliability of the materials, and
various strategies of combination such as physicalmixing, doping, alloying and core–
shell forming have been proposed. Among them, core–shell forming, especially in
metal nanoparticles, has attracted much attention because of the unique optic [4,
5], magnetic [6], electronic [7], catalytic [8–14], and photocatalytic [15] properties.
Formation of a core–shell structure is also a strong candidate for the functionaliza-
tion of Au plasmonic photocatalysts. In this chapter, we introduce two examples
of functionalization of Au plasmonic photocatalysts by introduction of core–shell
structure, i.e., control of SPR and drastic improvement of the catalytic performance.
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16.2 Control of SPR Photoabsorption by the Introduction
of Core–Shell Structure [16]

16.2.1 Preparation of Au@Ag/SnO2 and Au@Cu/SnO2

Multi-step photodeposition method (MSPD) [17] was used for the preparation of
Au@Ag/SnO2 and Au@Cu/SnO2 by modification of Au(0.2 wt%)/SnO2 with Ag
and Cu. An aqueous solution of silver sulfate (Ag: 4.0 g dm−3) or copper sulfate (Cu:
4.0 g dm−3) was injected into an aqueous methanolic suspension of Au/SnO2 and the
mixturewas photoirradiated by amercury arc lampunder the sameconditions as those
for the preparation of Au(0.2)/SnO2. The amount of Ag and Cu loading per photode-
position was fixed at 0.2 wt%, and this photodeposition of Ag and Cu was repeated
for additional Ag and Cu loadings onto Au(0.2)@Ag/SnO2 and Au@Cu/SnO2. For
example, the photodeposition of Ag was repeated four times for the preparation
of Au(0.2)@Ag(0.8 wt%)/SnO2 (0.8 wt% = 0.2 wt% × 4). Hereafter, this sample
is designated as Au(0.2)@Ag(0.8)/SnO2 and a sample modified with 0.8 wt%Cu is
shown as Au(0.2)@Cu(0.8)/SnO2. Analysis of the liquid phase after photodeposition
revealed that the Ag and Cu sources had been almost completely (>99.9%) deposited
as Ag and Cu metals on Au(0.2)/SnO2. The resultant powder was washed repeatedly
with distilled water and then dried in air at 310 K overnight.

16.2.2 Photoabsorption Properties

Figure 16.1 shows absorption spectra of Au(0.2)/SnO2, Au(0.2)@Ag(0.8)/SnO2,
Au(1.0)/SnO2, and Au(0.2)@Cu(0.8)/SnO2. In the spectra of Au(0.2)/SnO2 and
Au(1.0)/SnO2, photoabsorption was observed around λ = 550 nm (Fig. 16.1d, b),
whichwas attributed to SPR of the supportedAu particles, andmore intense photoab-
sorption was achieved by increasing the Au contents of Au/SnO2 and Au/CeO2 [18].

Fig. 16.1 Absorption
spectra of a
Au(0.2)@Ag(0.8)/SnO2, b
Au(1.0)/SnO2, c
Au(0.2)@Cu(0.8)/SnO2, and
d Au(0.2)/SnO2 Reprinted
with permission from Ref.
[16]. © 2016 Wiley-VCH
Verlag GmbH & Co. KGaA,
Weinheim
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Both a shift of photoabsorption and an increase in intensity were achieved by the
introduction of Ag and Cu into Au(0.2)/SnO2 byMSPD (Fig. 16.1a, c). The photoab-
sorption at 550 nm of Au(0.2)@Ag(0.8)/SnO2 and that of Au(0.2)@Cu(0.8)/SnO2 at
550 nmwere less intense than that of the Au(0.2)/SnO2 mother material beforemodi-
fication. These results suggest that the SPRproperties ofAu(0.2)@Ag(0.8)/SnO2 and
Au(0.2)@Cu(0.8)/SnO2 are not inherited from Au(0.2)/SnO2 and originate from the
properties of Ag and Cu themselves. In other experiments, however, we did not
succeed in the preparation of Au-free Cu/SnO2 exhibiting SPR by PD and MSPD.
In addition, it is known that Cu nanoparticles are easily oxidized and lose their
SPR gradually under ambient conditions [19]. Therefore, Au particles are clearly
indispensable for the preparation of stable Cu-based particles supported on SnO2

exhibiting intense photoabsorption at 630 nm due to SPR. The Au particles probably
function as a kind of template and stabilizer for Cu and Ag metals.

Figure 16.2a, b shows the influence of Ag and Cu contents (X wt% and Y wt%,
respectively) in the Au(0.2)@Ag(X)/SnO2 and Au(0.2)@Cu(Y)/SnO2 samples on
the top of the wavelength due to SPR (λtop) and photoabsorption (1-reflectance) at
λtop. The photoabsorption at λtop increased with increases in Ag and Cu contents (X
and Y). The maximum peaks gradually shifted to shorter and longer wavelengths
with increases in X and Y and reached λ = 450 nm at X = 0.8 wt% and λ = 630 nm
at Y = 0.8 wt%. These results indicate that the peak position of photoabsorption due
to SPR can be controlled by modification of Au(0.2)/SnO2 with Ag and Cu by using
the MSPD.
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Fig. 16.2 Influence of a Ag loading (X) and b Cu loading (Y) to Au(0.2)/SnO2 on the top of the
wavelength due to SPR (λtop) and 1-reflectance at λtop. Reprinted with permission from Ref. [16].
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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16.2.3 Photocatalytic Mineralization of Formic Acid

Figure 16.3 shows time courses of the evolution of CO2 from formic acid in aqueous
suspensions of Au(1.0)/SnO2, Au(0.2)@Ag(0.8)/SnO2, and Au(0.2)@Cu(0.8)/SnO2

samples under light irradiation from green, blue, and red LEDs. Visible light irradi-
ated to the reaction system, and the maximum wavelength of each light was deter-
mined to be 475, 530, and 640 nm. In the presence of Au(1.0)/SnO2 (shown as circles
in Fig. 16.3), CO2 evolved just after irradiation with green, blue, and red lights and
CO2 formation continued linearlywith irradiation time, indicating zero-order kinetics
over Au(1.0)/SnO2. On the other hand, no gas was evolved in the dark, indicating that
no thermocatalytic mineralization of formic acid occurred under the present condi-
tions. From the slopes of time courses of CO2 evolution, rates over Au(1.0)/SnO2

under irradiation of green, blue, and red lights were determined to be 2.9, 0.55,
and 0.29 μmol h−1, respectively. Photoabsorption due to SPR of Au(1.0)/SnO2

overlapped well with light from the green LED, and the higher utilization of light
(photons) explains the largest rate under irradiation of green light. Similarly, rates of
CO2 formation over Au(0.2)@Cu(0.8)/SnO2 (data plotted as diamonds in Fig. 16.3)
under irradiation of green, blue, and red lights were determined to be 0.86, 0.93,
and 2.1 μmol h−1, respectively. As expected from the strong photoabsorption of
Au(0.2)@Cu(0.8)/SnO2 at 630 nm (Fig. 16.1c), the sample exhibited the largest rate
under red light irradiation. In the case of Au(0.2)@Ag(0.8)/SnO2 (data plotted as
squares in Fig. 16.3), the CO2 formation rates under irradiation of green, blue and
red lights were determined to be 0.62, 2.4, and 0.11 μmol h−1, respectively. The
largest rate was obtained when blue light was irradiated to Au(0.2)@Ag(0.8)/SnO2

as expected from the photoabsorption properties. These results for the three samples
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Fig. 16.3 Time courses of evolution of CO2 from formic acid in aqueous suspensions of
Au(1.0)/SnO2 (circles), Au(0.2)@Ag(0.8)/SnO2 (squares) andAu(0.2)@Cu(0.8)/SnO2 (diamonds)
under irradiation of visible lights from green, blue and red LEDs (1.7 mW cm−2). Reprinted with
permission from Ref. [16]. © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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under three conditions of light irradiation indicate that the samples exhibited the best
performance under irradiation of visible light overlapping with their SPR.

16.2.4 Action Spectrum

An action spectrum is a strong tool for determining whether an observed reaction
occurs via a photoinduced process or a thermocatalytic process. To obtain an action
spectrum in this reaction system, mineralization of formic acid in aqueous suspen-
sions of Au(1.0)/SnO2, Au(0.2)@Ag(0.8)/SnO2, and Au(0.2)@Cu(0.8)/SnO2 was
carried out at 298 K under irradiation with monochromated visible light from a Xe
lamp with light width of ±5 nm. The apparent quantum efficiency (AQE) at each
centered wavelength of light was calculated from the ratio of the amount of CO2 and
the amount of photons irradiated using the following Eq. 16.1.

AQE = amount of CO2

amount of incident photons
× 100 (16.1)

The results are shown in Fig. 16.4. Wavelength-dependencies of AQEs over
Au(1.0)/SnO2, Au(0.2)@Ag(0.8)/SnO2, and Au(0.2)@Cu(0.8)/SnO2 were similar to
those of their photoabsorption (1-reflectance), indicating that formation of CO2 from
formic acid in aqueous suspensions of the three samples was induced by photoab-
sorption due to their SPRs. AQE of more than 5% was obtained for each of the three
samples when the samples were irradiated by lights matching their SPRs.

16.2.5 Selective Oxidation

Au(0.2)@Ag(0.8)/SnO2, Au(1.0)/SnO2, and Au(0.2)@Cu(0.8)/SnO2 were used for
oxidation of benzyl alcohol under irradiation of light from three LEDs in order
to evaluate their performance in photocatalytic conversions other than mineraliza-
tion under irradiation of visible light with different wavelengths. No oxidation of
benzyl alcohol occurred over metal-free SnO2, indicating that visible light coming
from each LED did not cause the bandgap excitation of SnO2. On the other hand,
Au(0.2)@Ag(0.8)/SnO2, Au(1.0)/SnO2, and Au(0.2)@Cu(0.8)/SnO2 were active in
oxidation of benzyl alcohol and yielded benzaldehyde with a quite high selectivity
(>99%) at >99% conversion of benzyl alcohol after 20 h when blue, green and red
LEDs were used. We confirmed that a photocatalyst, irradiation of visible light,
and O2 were indispensable for the oxidation of benzyl alcohol. Since benzaldehyde
increased linearly with photoirradiation time over the three samples under irradiation
of visible lights from three LEDs, the formation rates were determined from slopes
of the time courses of benzaldehyde formation and the rates are shown in Fig. 16.5.
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Fig. 16.4 Absorption spectra measured with barium sulfate as a reference (left axis) and
action spectra (circles) in formic acid mineralization (right axis): a Au(0.2)@Ag(0.8)/SnO2, b
Au(1.0)/SnO2, and c Au(0.2)@Cu(0.8)/SnO2. Reprinted with permission from Ref. [16]. © 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 16.5 Rates of formation
of benzaldehyde from benzyl
alcohol in aqueous
suspensions of SnO2,
Au(0.2)@Ag(0.8)/SnO2,
Au(1.0)/SnO2, and
Au(0.2)@Cu(0.8)/SnO2
under irradiation of visible
lights from green, blue, and
red LEDs (1.7 mW cm−2).
Reprinted with permission
from Ref. [16]. © 2016
Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim
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The largest reaction rates were obtained when irradiated light overlapped well with
photoabsorption due to their SPR as in the case of formic acid mineralization.

16.3 Drastic Improvement of Catalytic Performance
by Introduction of Core–Shell Structure [20]

16.3.1 Preparation of Au@Pd/TiO2

Loading of 0.8 wt% Au on TiO2 was performed by the photodeposition method. The
bare TiO2 powder (198 mg) was suspended in water (10 cm3) in a test tube and the
test tube was sealed with a rubber septum under argon (Ar). Aqueous solutions of
citric acid (33 μmol) and tetrachloroauric acid (as 1.6 mg Au) were injected into the
sealed test tube and then photoirradiated at λ > 300 nm by a 400-W high-pressure
mercury arc under Ar with magnetic stirring in a water bath continuously kept at
298 K. The Au source was reduced by photogenerated electrons, and Au metal was
deposited on TiO2 particles, resulting in the formation of Au/TiO2. For preparation of
Au(0.8)@Pd(X)/TiO2 by using anMSPD, a solution of palladium chloride (X= 0.1,
0.2, 0.5, and 1.0 wt%) was injected into aqueous suspensions of the Au(0.8)/TiO2

sample and the mixture was photoirradiated by the same mercury arc under the
same conditions as those for preparation of the Au(0.8)/TiO2 sample. Analysis of
the liquid phase after photodeposition revealed that the Au and Pd sources had been
almost completely (>99.9%) deposited as Au and Pd metals on the TiO2 particles.
The resultant powder was washed repeatedly with distilled water and then dried at
310 K overnight under air.

16.3.2 TEM Observation

A transmission electron microscope (TEM) image and particle size distribution of
Au(0.8)/TiO2 are shown in Fig. 16.6a, b, respectively. Fine particles were observed
and the average diameter of the Au particles (Dave) was determined to be 9.6 nm,
indicating that Au nanoparticles were deposited on TiO2 by the photodeposition
method. A TEM image and particle size distribution of Au(0.8)@Pd(0.2)/TiO2 are
shown in Fig. 16.6c, d, respectively. Slightly larger particles were observed and
Dave of this sample was determined to be 11.5 nm. From the two values of Dave

for Au(0.8)/TiO2 and Au(0.8)@Pd(0.2)/TiO2 samples, average shell thickness (Tave)
was calculated to be 1.0 nm (= (11.5 − 9.6)/2). Assuming that the shapes of Au and
Au@Pdparticles are regular icosahedrons and using the densities ofAu andPdmetals
of 19.3 and 12.0 g cm−3, respectively, we estimated that Au and Au@Pd particles
consist of 16 layers and 19 layers (16 layers for Au + 3 layers for Pd), respectively,
at X = 0.2. The 3 Pd layers correspond to Tave = 1.0 nm. Au(0.8)@Pd(X)/TiO2
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Fig. 16.6 TEM photographs and size distributions of Au(0.8 wt%)/TiO2 (a, b) and Au(0.8
wt%)@Pd(0.2 wt%)/TiO2 (c, d). Reprinted with permission from Ref. [20]. © 2013 American
Chemical Society

samples (X = 0.1, 0.5 and 1.0) were also investigated, and Dave and Tave are plotted
against X in Fig. 16.7. The values of Dave and Tave increased with an increase in X,
indicating that the thickness of the Pd shell was controlled by using MSPD.

16.3.3 Photoabsorption

Figure 16.8 shows absorption spectra ofAu(0.8)@Pd(X)/TiO2 samples. In the spectra
of Au(0.8)/TiO2, Au(0.8)@Pd(0.2)/TiO2 and Au(0.8)@Pd(0.5)/TiO2 samples,
strong absorption was observed at around 550 nm, which was attributed to SPR of
the supported Au nanoparticles as reported previously. The introduction of Pd metal
caused an increase in the baseline of absorption that was observed as a change in color
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Fig. 16.7 Average diameter
(Dave, left, closed circles)
and average shell thickness
(Tave, right, open circles) of
Au@Pd particles loaded on
Au(0.8 wt%)@Pd(X)/TiO2
having different Pd loadings
(X). Reprinted with
permission from Ref. [20]. ©
2013 American Chemical
Society

0

5

10

15

0

1

2

3

4

5

0 0.2 0.4 0.6 0.8 1

D
av

e / 
nm

T av
e / 

nm

Amount of Pd / wt%

Fig. 16.8 Absorption
spectra of
Au(0.8)@Pd(X)/TiO2 and
visible light irradiated to
reaction systems from a Xe
lamp with a Y-48 cut filter.
Reprinted with permission
from Ref. [20]. © 2013
American Chemical Society
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from purple to gray. We noted that absorption due to SPR of Au nanoparticles was
slightly enhanced by the introduction of a thin Pd shell (Tave = 0.5–1.0 nm), corre-
sponding to 0.1 and 0.2 wt% Pdmetal. On the other hand, the absorption was slightly
weakened by the introduction of 0.5 wt% Pd and, finally, absorption disappeared in
the Au(0.8)@Pd(1.0)/TiO2 samples, indicating that SPR of Au nanoparticles was
quenched by a Pd shell of Tave = 2.5 nm.
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Fig. 16.9 XPS spectra of various photocatalysts around a Pd 3d and bAu4f components. Reprinted
with permission from Ref. [20]. © 2013 American Chemical Society

16.3.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to obtain information on surfaces
of Au(0.8)@Pd(X)/TiO2 samples, and Pd 3d and Au 4f XPS spectra of the samples
are shown in Fig. 16.9a, b, respectively. For comparison, spectra of Au-free
Pd(0.2)/TiO2 and Pd-free Au(0.8)/TiO2 samples are also shown. In spectra of all
samples containing Pd metal, peaks due to Pd (3d5/2, 3/2) assignable to Pd0 were
observed at 335.2 and 340.0 eV [21] and the peak intensities were almost the same
(Fig. 16.9a). Intense Au (4f7/2, 5/2) peaks assignable to Au0 were observed at 83.8 and
87.4 eV [21] in the spectrum of a Pd-free Au(0.8)/TiO2 sample and the intensity was
gradually weakened with an increase in X (Fig. 16.9b). No peak of Au was detected
in the spectrum of an Au(0.8)@Pd(1.0)/TiO2 sample as or in the spectrum of an
Au-free Pd(0.2)/TiO2 sample. Results of TEM observation, absorption, and XPS
revealed that Au nanoparticles were successfully covered with Pd by using MSPD
and that optical and physical properties of the Au nanoparticles were completely
shielded at X = 1.0 (Tave = 2.5 nm, Fig. 16.7). These results also indicate that func-
tionalization of Au/TiO2 with Pd, i.e., SPR plus Pd catalysis, is highly expected in
Au(0.8)@Pd(X)/TiO2 samples having X = 0.1–0.5 (Tave = 0.5–1.6 nm).

16.3.5 Photocatalytic Dechlorination

Au(0.8)@Pd(X)/TiO2 samples were used for photocatalytic dechlorination of
chlorobenzene (initially 50 μmol) in aqueous 2-propanol solutions under irradiation
of visible light from a xenon (Xe) lamp with a Y-48 cut filter at 298 K. Visible light
irradiated to the reaction system is shown in Fig. 16.8. We examined the reaction by
using strictly limited visible light (460–800 nm inwavelength) in order to rule out the
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contribution of the original photocatalytic activity of TiO2, which can be excited with
UV light. Figure 16.10 shows the results for Au(0.8)@Pd(0.2)/TiO2. The amount of
chlorobenzene decreased linearlywith photoirradiation,while benzene as the product
of chlorobenzene dechlorination and acetone as the product of 2-propanol oxidation
was formed. Chlorobenzene was completely consumed after irradiation for 20 h. The
results indicate that benzenewas formedwith a quite high selectivity (>99%) at >99%
conversion of chlorobenzene, i.e., almost quantitative conversion of chlorobenzene
to benzene was achieved, in the present photocatalytic reaction system under irra-
diation of visible light. The amount of benzene (50 μmol) after photoirradiation for
20 h was larger than the amounts of Au (2.0 μmol) and Pd (0.9 μmol) loaded on
TiO2, indicating that the dechlorination of chlorobenzene observed in the present
study was a (photo)catalytic reaction. To confirm the formation of chloride ions,
the resultant liquid phase was analyzed using an ion chromatograph. The amount of
chloride ions (50 μmol) was in good agreement with that of benzene determined by
a gas chromatograph, indicating that chlorobenzene was completely dechlorinated,
forming benzene and chloride ions. We noted that the plot of benzene overlapped
with the plot of acetone almost completely in Fig. 16.10.

Totally, the photocatalytic reaction is expressed as Eq. (16.2).

Ph−Cl + (CH3)2CHOH → Ph−H + (CH3)2CO + H+ + Cl− (16.2)

After photoirradiation for 20 h, 55.2 μmol of acetone was formed as the oxidized
product and 4.5 μmol of hydrogen (H2) was formed as the minor reduced product,
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Fig. 16.10 Time courses of the amounts of chlorobenzene (closed circles), benzene (closed
squares), acetone (closed diamonds), H2 (open circles), MB (open diamonds), and ROB (closed
triangles) in 2-propanol-water suspensions of Au(0.8 wt%)@Pd(0.2 wt%)/TiO2 under irradiation
of visible light from a Xe lamp with a Y-48 cut filter. Reprinted with permission from Ref. [20]. ©
2013 American Chemical Society
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while no CO2 was detected during the photoirradiation. As clearly shown in
Fig. 16.10, the formation of H2 was observed after consumption of chlorobenzene,
indicating that dechlorination occurred predominantly. Material balance (MB) and
redox balance (ROB) were calculated from Eqs. (16.3) and (16.4), respectively:

MB = [n(Ph−Cl) + n(Ph−H)] / n0(Ph−Cl) (16.3)

ROB = [n(Ph−Cl) + n(H2)] / n(acetone) (16.4)

where n(Ph–Cl), n(Ph–H), n(H2), and n(acetone) are the amounts of chlorobenzene,
benzene, H2, and acetone during the photocatalytic reaction, respectively, and n0(Ph–
Cl) is the amount of chlorobenzene before the photocatalytic reaction. As shown in
Fig. 16.10, the values of ROB and MB were almost unity regardless of irradiation
time. These results indicate that dechlorination of chlorobenzene to benzene and
oxidation of 2-propanol to acetone occurred with high stoichiometry as shown in
Eq. (16.2); in other words, 2-propanol was used for only reduction of chloroben-
zene before its consumption. These results also indicate that, after consumption of
chlorobenzene, hydrogenationof 2-propanol to acetone andH2 occurred,maintaining
its stoichiometry. We also confirmed that further irradiation to the reaction mixture
did not alter the amount of benzene (Fig. 16.10).

Au(0.8)@Pd(X)/TiO2 samples having different values of X, a Pd-free Au/TiO2

sample, and an Au-free Pd-TiO2 sample were used for photocatalytic dechlorination
of chlorobenzene under the same conditions. Yields of benzene after photoirradi-
ation for 10 h are shown in Fig. 16.11. For comparison, the results under a dark
condition at 298 K are also shown in Fig. 16.11, indicating that thermocatalytic
dechlorination of chlorobenzene is negligible at 298 K. No benzene was formed in
the case of the Pd-free Au/TiO2 sample under irradiation of visible light, although
dehydrogenation of 2-propanol (formation of acetone and H2) occurred. This result
is consistent with the conclusion that Au/TiO2 did not show any effects on photo-
catalytic dechlorination of chlorobenzene under irradiation of UV light [22–24] and
indicates that functionalization of Au/TiO2 with co-catalysts is essential to achieve
photocatalytic dechlorination of chlorobenzene. Dechlorination activity under irra-
diation of visible light appeared in the Au(0.8)@Pd(0.1)/TiO2 sample in which a thin
Pd shell (Tave = 0.5 nm) was introduced on the Au core. The yield of benzene over
Au(0.8)@Pd(X)/TiO2 after photoirradiation for 10 h increased until X = 0.2. Since
Pd metal works as a reduction site for dechlorination of chlorobenzene, increase in
the Pd content increases the reduction sites, resulting in an increase in benzene yield.
Enhancement in SPR observed in the Au(0.8)@Pd(0.2)/TiO2 sample (Fig. 16.8) also
contributes to the larger yield. Further increase in Pd content (X ≥ 0.5) decreased
the benzene yield. Absorption due to SPR was weakened when 0.5 wt% Pd was
introduced as shown in Fig. 16.8, which probably accounts for the decrease. The
benzene yield of the Au(0.8)@Pd(1.0)/TiO2 sample under irradiation of visible light
was similar to that under a dark condition. This means that photoinduced dechlori-
nation of chlorobenzene negligibly occurred in the sample, which is explained by
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Fig. 16.11 Benzene
formation after irradiation
for 10 h in aqueous
suspensions of various
photocatalysts under
irradiation of visible light
from a Xe lamp with a Y-48
cut filter. Reprinted with
permission from Ref. [20]. ©
2013 American Chemical
Society
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the disappearance of SPR absorption as shown in Fig. 16.8. These results indicate
that control of the thickness of the Pd shell is very important for both a satisfactory
co-catalyst effect and absorption due to SPR of Au nanoparticles. The findings are
informative for the design of functionalization of plasmonic photocatalysts by the
formation of a core–shell structure.

16.3.6 Expected Reaction Mechanism

Five blank reactions of chlorobenzene at 298 K, (1) photocatalytic reaction over
Pd-free Au/TiO2, (2) dark reaction in the presence of Au@Pd/TiO2, (3) photocat-
alytic reaction over Au-free Pd-TiO2, (4) photocatalytic reaction over TiO2 and (5)
photochemical reaction, gave only a trace or small amount of benzene. From the
results of the five blank tests, it can be concluded that Au@Pd/TiO2 and visible
light are indispensable for the dechlorination of chlorobenzene to benzene. Rapid
electron transfer from Au to the TiO2 film under irradiation of visible light was
observed using femtosecond transient absorption spectroscopy [25]. The following
is an expected working mechanism for dechlorination of chlorobenzene to benzene
in 2-propanol-water suspensions of Au@Pd/TiO2 under irradiation of visible light
as shown in Fig. 16.12. Four processes would occur: (1) the incident photons are
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Fig. 16.12 Expected
reaction mechanism for the
production of benzene from
chlorobenzene and acetone
from 2-propanol over
Au@Pd/TiO2 under
irradiation of visible light.
Reprinted with permission
from Ref. [20]. © 2013
American Chemical Society

Pd

Au
TiO2

e- oxidation
reduction

absorbed by Au particles through their SPR excitation, (2) electrons are transferred
from the Au particles into the Pd particles, (3) chlorobenzene is reduced by electrons
over Pd, resulting in the formation of benzene and elimination of chloride ions and
(4) the resultant electron-deficient Au particles are reduced by electrons originated
from 2-propanol and return to their original metallic state along with the formation
of acetone. Since work function of Pd metal (5.00 eV from vacuum [26]) is larger
than that of Au metal (4.78 eV from vacuum [26]) i.e., the Fermi level of Pd is
lower than that of Au, electron transfer from Au to Pd in process (2) is reasonable.
A direct or indirect route accounts for redox reaction between electron-deficient Au
particles and 2-propanol, although we do not have clear evidence. In the direct route,
some of the Au particles are exposed to the outer surface and accept electrons from
2-propanol. In the indirect route, this electron transfer occurs via redox of Pd-Pd2+

between electron-deficient Au particles and 2-propanol because 2Au+ + Pd = 2Au
+ Pd2+ is electrochemically possible (E0 = +0.915 V at 298 K) [27]. TiO2 may
not directly contribute to the photocatalytic redox reaction under the present condi-
tion. Formation of the Pd shell on the Au core was achieved only when we used
the photodeposition method. In this sense, we think that TiO2 is one of the essential
components for the present photocatalytic reaction.

16.4 Conclusions

Using a simple multi-step photodeposition method, Au nanoparticles supported on
semiconductor (TiO2 and SnO2) were successfully covered with metal (Ag, Cu,
and Pd), forming core–shell Au@Ag/SnO2, Au@Cu/SnO2, and Au@Pd/TiO2, indi-
cating that the Au plasmonic photocatalyst was facilely functionalized with metal.
In Sect. 16.1, absorption of the mother Au/SnO2 at around λ = 550 nm gradually
shifted to longer and shorter wavelengths with increases in the contents of Cu andAg,
respectively. Finally, Au@Cu/SnO2 and Au@Ag/SnO2 having 0.8 wt% Cu and Ag
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showed strong absorption at aroundλ= 450 and 620 nm, respectively. These samples
were active for mineralization of formic acid and selective oxidation of alcohols to
carbonyl compounds under visible light irradiation and exhibited the best perfor-
mance when irradiated by light overlapping with their SPR. In Sect. 16.2, Pd-free
Au/TiO2 and Au-free Pd/TiO2 were inactive, whereas the core–shell Au@Pd/TiO2

sampleswere active in the photocatalytic dechlorination of chlorobenzene to benzene
along with oxidation of 2-propanol to acetone under irradiation of visible light. In the
reactions of the latter plasmonic photocatalysts, benzene was almost quantitatively
formed with a stoichiometric amount of acetone. Thickness control of the Pd shell
was very important for both a satisfactory co-catalyst effect and absorption due to
the SPR of Au nanoparticles. The results of this study provide useful information
for the design of functionalization of plasmonic photocatalysts by the formation of
a core–shell structure.
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Chapter 17
PdAu Core–Shell Nanostructures
as Visible-Light Responsive Plasmonic
Photocatalysts

Priyanka Verma, Robert Raja, and Hiromi Yamashita

17.1 Introduction

Noble metal nanostructures such as Ag [1], Au [2, 3] and Cu [4] can efficiently
absorb visible light irradiation owing to the localized surface plasmon resonance
(LSPR) characteristics, which occurs due to the collective oscillation of electrons in
response to the incident light at resonant frequency [5, 6]. The non-radiative LSPR
decay has recently been highlighted in the bond-breaking of adsorbate molecules on
the semiconductor (TiO2, CdS, C3N4) [7–9] or directly on the surface of plasmonic
metal (Ag,Au,Cu) in combinationwith catalytically activemetal nanoparticles (NPs)
such as Pd, Ru and Pt [10–12]. Mechanistically, the LSPR excitation generates hot
electrons and holes which get transferred to the lowest unoccupiedmolecular orbitals
(LUMO) of the adsorbates, forming transient negative ion species, which assists in
driving the chemical reaction by converting solar energy to chemical and thermal
energy [2, 13]. The plasmon-mediated catalysis on bare Ag and Au NPs leads to
lower reaction yields in catalytic applications because of their weak interactions
with adsorbate molecules. It is strongly desired to explore the synthesis of highly
active and selective multimetallic nanostructures for efficient plasmonic catalysis.

In the last decade, plasmonic bimetallic nanostructures have received signifi-
cant research attention in order to prepare visible light-responsive multifunctional
nanocatalysts for their improved catalytic, magnetic, and optical properties [13–16].
The inclusion of plasmonic metal led to the widespread potential applications in
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photobiology, photoelectricity, and photochemistry. Among all, photocatalysis has
been under significant research attention exploring the use of bimetallic plasmonic
nanostructures for various energy and environmental applications such as pollutant
degradation, hydrogen generation, CO2 reduction, and organic transformation reac-
tions. The strategy for designing plasmonic nanomaterials is largely dependent on
the size, morphology, aspect ratio of NPs, and the positioning of the LSPR in the
absorption spectra. In an effort to design active catalysts, the LSPR excitation of
noble metal NPs has recently been combined with the intrinsic catalytic activity of
active metal species. Due to the chemical stability and strong optical absorption of
Au in the visible regime, its combination with catalytically active species has been
widely explored. AuPd core-shell nanostructures are one of the most researched
bimetallic catalysts for plasmon-mediated catalysis [12, 17, 18]. It has also been
shown that the SPR properties of AuPd in a core-shell arrangement are different and
unique from their individual components. Pd is known to catalyze several impor-
tant organic reactions and has become technologically important metal for various
industrial applications and its incorporation with Au enhances the overall plasmonic
properties. Moreover, an improvement in the yield of several reactions including
cross-coupling, hydrogenation, and oxidation was also observed. The careful tuning
of the composition andmorphology ofAu core and Pd shell is essential for preserving
the plasmon behaviour of Au and catalytic performance of Pd NPs. Li et al. have
proposed the existence of a special surface plasmon resonance (SPR) mode at the
interface of core and shell NPs which determines the shape and shift observed in the
absorption spectrum [19]. Especially, the LSPR band of Au@Pd NPs in the visible
regime has higher tunability which is responsible for the enhanced catalytic activities
under visible light irradiation.

To date, a myriad of chemical methods has been developed to synthesize AuPd
nanostructures of different morphologies such as spheres, rods, dendrites, wheels,
triangle, and bipyramid in order to increase the light absorption and improve the
catalytic performances. Table 17.1 enlists the various morphology-controlled PdAu
nanostructures along with their plasmonic-catalytic performances as discussed in
this chapter.

We also encountered several published reports on plasmonic nanostructures in
conjunction with semiconductor nanomaterials for heterogeneous catalytic reac-
tions, mainly water splitting and selective oxidation reactions [27–32]. However,
in this chapter, we will limit the discussion to AuPd plasmonic nanomaterials in
colloidal form or supported on insulators (mesoporous silica) in order to study the
direct catalysis on the surface of metal with higher photon efficiency [33]. The
synthetic strategies to tailor the LSPR absorption and effect of different parame-
ters such as surfactant, reaction time, temperature, and precursor concentration will
be discussed briefly to control the morphology and hence the optical absorption.
Various syntheticmethods including seed-mediated growth, wet-chemical reduction,
microwave synthesis, LSPR-assisted deposition and galvanic replacement methods
have been introduced for the successful synthesis of core-shell nanostructures. The
target catalytic reaction to study the plasmonic enhancements by AuPd NPs was
the Suzuki–Miyaura coupling reaction including selective oxidation of alcohol and
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nitroaromatic reduction.Wewill describe the PdAu core-shell nanostructures in three
different sections on the basis of their polarisation modes arising from the difference
in their geometrical symmetry of spheres, rods, triangle, cubic and more complex
morphologies.

17.2 Plasmonic PdAu Nanostructures with Spherical
Geometry

The geometrical symmetry of metal NPs strongly affects the position and intensity
of the LSPR band in the optical spectrum. The different morphologies of sphere,
rod and cube increase the LSPR peaks from one, two and three, respectively due to
their different polarization modes. The bimetallic nanostructures have been exten-
sively studied because of their improved physicochemical properties, such as elec-
tronic, magnetic, catalytic and optical responses in comparison to the monometallic
counterparts. Further, the synergistic bimetallic interactions between core and shell
metal NPs displayed enhanced activity, selectivity and stability, when compared with
monometallic species. In this section, some of the most prominent examples of PdAu
core-shell nanostructures confined in a spherical symmetry will be discussed. For
example; Huang et al. reinvented the plasmonic chemistry of novel AuPd nanowheels
by a one-pot preparation method with Au core surrounded by Pd on its surface [21].
The nanowheels were prepared by a facile wet-chemical reduction method in which
HNO3 was used as the oxidant to control the sequence of reduction of Au and Pd
precursors. The growth of Pd around the edges of Au core takes place by Ostwald
ripening mechanism to form wheel-like nanostructure. An edge length of 290 nm
along with a thickness of 6 nm was observed revealing a plate-like structure in the
HAADF-STEM analysis. The LSPR absorption intensity and the size of nanostruc-
ture can be tailored by varying the molar ratio of metal precursors and reducing
agent, ascorbic acid. The core-shell nanostructures were tested in benzyl alcohol
oxidation and Suzuki coupling reaction for plasmon mediated catalysis under light
irradiation conditions. The oxidation of benzyl alcohol gave 97% conversion with
98% selectivity for benzaldehyde formation under light irradiation conditions. The
obtained yield under conventional heating conditions at 50 °C was merely 18% in
6 h. Similarly, the Suzuki coupling reaction displayed superior yields under light
irradiation conditions than conventional heating. Further, a linear dependence in the
enhancement of catalytic activity and intensity of light irradiation attributed to the
significance of LSPR of AuPd nanostructures.

Minsker et al. reported the synthesis of Au (core)-Pd (shell) stabilised on hyper-
cross-linked polystyrene (HPS) for visible light enhanced Suzuki–Miyaura coupling
reaction [20]. Figure 17.1a, b shows the EDXmapping of Au–Pd NPwith a very thin
shell of Pd (less than 1 nm) on the surface ofAu. The coupling reaction product shows
significantly higher yields over Au–Pd/HPS under visible light irradiation (72%) in
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Fig. 17.1 a EDX mapping and b EDX line scan profile of an individual Au-Pd core-shell NP,
c results of resue of Pd and Au–Pd/HPS catalyst in Suzuki–Miyaura coupling reaction, and
d proposed reaction mechanism over Au–Pd NP. Reaction conditions: 60 °C, 5:1 EtOH/water
mixture as the solvent, 0.75 mmol of NaOH, 0.5 mmol of 4-BrAn, 0.75 mmol of PBA. Adapted
with permission from ref. [20] Copyright 2018 American Chemical Society

comparison to dark (55%) conditions owing to LSPR effect. The stability test indi-
cated the bimetallic Au–Pd/HPS catalysts to be muchmore stable than monometallic
catalysts (Fig. 17.1c). TheAu core assisted in the redeposition of Pd from the reaction
solution to the NP surface and hence improves the stability of Au–Pd/HPS catalyst.
The proposed reaction pathway (Fig. 17.1d) explains the electron donation from Au
to Pd under visible light irradiation to facilitate the oxidative addition step, and hence
the rate of the reaction by forming more electron-rich Pd species.

In another report, PdAu bimetallic nanostructures were immobilised within the
mesoporous silica framework by a two-step synthesis approach [17]. At first, plas-
monicAuNPswere synthesised by amicrowave-assisted depositionmethod inwhich
1-hexanol was used as the solvent and reducing agent. A clear suspension of meso-
porous silica, SBA-15 in alcohol along with the Au precursor, HAuCl4, was irradi-
ated with microwave irradiation for a period of 3 min to form uniformly dispersed
Au/SBA-15 catalyst. The second step of Pd deposition on the surface of Au NPs was
carried out by LSPR-assisted deposition method in which an aqueous suspension
of Au was irradiated with visible light followed by injection of fixed amounts of
Pd(OAc)2 to yield Pd/Au/SBA-15 catalyst. The average size of the spherical PdAu
catalyst was 4.9 nm within the mesoporous channels of mesoporous silica, SBA-15.
The Au LIII-edge EXAFS analysis of the PdAu catalyst exhibited the main peak at
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Scheme 17.1 Schematic
illustration of charge transfer
pathway over PdAu
plasmonic nanostructures
under visible light
irradiation. Reproduced with
permission from ref. [17]
Copyright 2016 The Royal
Society of Chemistry

2.5 Å attributing to the presence of contiguous Au–Au bonding. The appearance
of a shoulder peak in the Pd K-edge FT-EXAFS spectra confirmed the existence
of heteroatomic bonding. The surface composition and chemical state of plasmonic
nanostructures were confirmed by Au 4f and Pd 3d XPS analysis. The prepared cata-
lyst was tested for the carbon–carbon bond formation reaction in Suzuki–Miyaura
coupling reaction. PdAu/SBA-15 exhibited a significantly superior yield of biphenyl
(70%) under visible light irradiation in comparison to 45% yield in dark condi-
tions. The effect of substituents (electron-donating and electron-withdrawing) on the
catalytic enhancements under visible light irradiation was also discussed in detail to
understand the rate-determining step and predict the mechanistic pathway for the
reaction. Scheme 17.1 illustrates the hot electron pathways from Au to Pd and ulti-
mately to the LUMO of the adsorbed reactant molecules. This charge transfer is well
supported due to the higher work function value of Pd (5.0 eV) than Au (4.7 eV). The
accumulated electrons assist in the transformation of adsorbed species to transient
ionic species which leads to bond weakening by elongation and hence faster reaction
rates under light illumination conditions.

17.3 Plasmonic PdAu Nanostructures with Rod-Like
Geometry

The rod-like morphology displays two LSPR absorption peaks in the visible and NIR
region of the optical spectrum due to the transverse and longitudinal modes of polari-
sation. The increase in the aspect ratio of nanorods leads to an increase in the red-shift
and broadening of longitudinal LSPR band of absorption. Wang et al. have recently
reported the synthesis of Au nanorods and its site-selective deposition of Pd NPs
on its surface. The anisotropic Pd/SiO2/Au bimetallic nanostructures were prepared
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in which silica was selectively coated on the ends and sides of Au nanobipyramids
(NBP) by varying the concentration of cetyltrimethylammonium bromide (CTAB) in
the synthesis process [18]. The coating of silica provides the blocking for the deposi-
tion of second metal by enabling the overgrowth of Pd on the exposed surface of Au
NBPs. The Au NBP/SiO2 was used for site-selective Pd deposition on Au NBPs to
form Au NBP/end-SiO2/side-Pd and Au NBP/side-SiO2/end-Pd nanocatalysts. The
presence of silica can be considered as the hard template for guiding the deposition
of Pd. The prepared nanostructures were tested for the Suzuki coupling reaction
between bromobenzene and m-tolylboronic acid, as a function of laser intensity and
the position of Pd was correlated with the plasmon-mediated photocatalytic activity.
The rate-determining step in the Suzuki coupling reaction is the breaking of C–Br
bond of bromobenzene adsorbed on the surface of PdNPs.Under visible light irradia-
tion, the plasmonic excitation of Au NBPs generates hot electrons which get injected
into the LUMO of the adsorbed molecule via Pd and hence enhance the reaction rate.
Under the laser excitation of 808 nm, Au NBP/end-Pd displayed the largest enhance-
ment in the catalytic performance than Au NBP/side-Pd and Au NBP/all-Pd. The
finite-difference time-domain (FDTD) simulations displayed the maximum electric
field enhancements at the ends for the longitudinal plasmon excitation for three cata-
lysts. Interestingly, the electric field enhancement effects were the largest for the Au
NBP/end-Pd catalyst. This also correlates the superior catalytic performance of the
Au NBP/end-Pd catalyst due to the presence of Pd at the end where the generation
of plasmonic electric field enhancements is largest. Such selective coating for the
synthesis of core-shell bimetallic nanostructures can be a promising approach for
various plasmon-enabled applications.

The tunable LSPR absorption of Au NRs in the NIR region was studied for
sensing and in situ monitoring of chemical reaction, as reported by Santos et al. [22].
Figure 17.2a, b shows the evolution of UV–vis spectra for the growth of Pd on Au in
the presence of CTAB and cetyltrimethylammonium chloride (CTAC). The synthetic
strategy for Au@Pd NRs involved the use of penta-twinned Au as seeds and Br−
ions for the directional growth of NRs. The presence of CTAB allows the preferential
reduction of Pd on the tips of Au NRs and CTAC led to the formation of dendritic
Pd shell on the entire surface of Au NRs as depicted in Fig. 17.2c. The presence of
Br− ions in CTAB facilitated the Pd deposition at the ends of Au NRs leading to an
increase in the aspect ratio from 4.4 nm (in Au NRs) to 6.2 nm (Au@Pd NRs). The
increase in the aspect ratio further enhanced and shifted the longitudinal plasmonic
absorption from 900 to 1300 nm by LSPR peak broadening. The seeded growth
strategy can tailor the optical absorption of Au@Pd hybrid through the careful tuning
of parameters such as precursor concentration, type of surfactant, and reaction time.
Figure 17.2d–f shows the representative TEM images of Au NRs before and after Pd
deposition in the presence of CTAB or CTAC. Further, electron tomography, Energy-
dispersiveX-ray spectroscopy (XEDS) and electron diffraction techniques were used
to clearly visualize the preferential deposition of Pd on penta-twinned (PTW) Au
NRs. The designed heterostructures exhibited excellent catalytic performance in the
4-nitrothiophenol (4-NTP) reduction to 4-aminothiophenol (4-ATP) as monitored by
in situ surface-enhancedRaman scattering (SERS) spectroscopy. The peak intensities
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Fig. 17.2 a, b Time evolution of the U-visible-NIR extinction spectra during the overgrowth of
PTW Au nanorods with Pd in the presence of CTAB (a) or CTAC (b), (c) Schematic illustration of
Au@Pd NRs formation with CTAB and CTAC, d−f Representative TEM images of the original
PTWAu nanorods before (d) and after the deposition of Pd in the presence of CTAB (e) and CTAC
(f). Reproduced with permission from ref. [22] Copyright 2016 American Chemical Society

of vibrational bands due to the stretching modes in 4-NTP and 4-ATP in the SERS
spectrum were compared to understand the kinetics of reaction. The observed rate
constant value for the hydrogenation reaction onPd@AuNRs (CTAB)was calculated
to be k = 5.3 × 10–3 s−1. The design and study of such hybrid nanostructures with
intense plasmonic absorption will open a new avenue in the relatively new field of
plasmon-mediated catalysis.
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17.4 Plasmonic PdAu Nanostructures with Complex
Geometries

The optical response of nanotriangles is expected to display strengthened plasmonic
absorption due to its sharp features in comparison to other morphologies. Recently
Scott et al. have reported the synthesis of Pd@Au core-shell nanotriangles in order
to efficiently harvest visible light for enhancing the reaction rate of Suzuki–Miyaura
coupling reaction [23]. The use of triangular morphology allows the strong plas-
monic absorption and a larger number of active sites than conventional NPs. The
Au nanotriangles can be prepared by using CTAC as the stabilising agent followed
by the addition of ascorbic acid and potassium iodide as the reducing and oxida-
tive etchant, respectively. Pd was introduced on Au nanotriangles by reducing the
precursor with ascorbic acid. Figure 17.3a displays the plasmonic absorption band
of Au and AuPd nanotriangles at 605 and 545 nm, respectively. The blue shift of
60 nm in the absorption of AuPd nanotriangles could be attributed to surface alloying
between some Au and Pd NPs. The triangular morphology of Au and AuPd nanos-
tructures was confirmed by TEM analysis Fig. 17.3b–d. The contrast difference in
the TEM image confirmed the spatial distribution of Au core and polycrystalline

Fig. 17.3 a The UV–vis spectra of Au and AuPd bimetallic nanotriangles; TEM images of b as-
synthesized Au nanotriangles, c AuPd bimetallic nanotriangles and d magnified image of AuPd
nanotriangles. Reproduced with permission from ref. [23] Copyright 2017 The Royal Society of
Chemistry
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Fig. 17.4 Au@Pd core-shell nanodendrites. a TEM image, b and c HAADF-STEM images, d and
e EDX elemental maps of Au and Pd, respectively, f TEM image of Au polyhedra, g TEM image
of Au@Pd nanocubes obtained by using CTAB and h Yields of biphenyl in the Suzuki coupling
reaction between phenylboronic acid and iodobenzene using different nanostructures as the catalyst
and cycle performance of Au@Pd core-shell nanodendrites. Reproduced with permission from ref.
[25] Copyright 2013 The Royal Society of Chemistry

Pd shell in the nanotriangular structure. The cross-coupling of p-iodobenzoic acid
and phenyl boronic acid gave a significantly higher product yield (92%) under light
irradiation than in dark conditions (73%) for 3 h reaction time. Further, controlled
experiments were carried out to study the contribution of plasmonic effects by hot
electron transfer and localised heating.

In another interesting work reported by Wang et al., Au@Pd core-shell nanoden-
drites were synthesised by growing non-compact Pd porous shell onto Au poly-
hedra at RT [25]. The bifunctional nanodendrites were found to display intense
LSPR absorption and superior catalytic activities in the Suzuki coupling reac-
tion when compared with Au@Pd nanocubes. The structure of Au core and Pd
shell was studied by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) to confirm the dendritic nature of Au@Pd nanostruc-
ture (Fig. 17.4a–e). An average diameter of 3–7 nm of Pd was covered on the surface
of Au. An increase in the thickness of the Pd shell and LSPR absorption intensity
was observed on increasing the amounts of precursor solutions. The morphology of
bimetallic plasmonic catalyst could be tuned by changing the molar ratio of surfac-
tants, CTAB and CTAC. The controlled synthesis using pure CTAC led to the prepa-
ration of nanodendrites and CTAB formed nanocubes (Fig. 17.4f, g). The blank
reaction in the absence of catalyst gave a 1.3% yield of biphenyl and similar activity
was observed when Au was used as the catalyst. The biphenyl yield was signifi-
cantly improved by 88% from Au@Pd nanocubes to nanodendrites as summarised
in Fig. 17.4h along with their corresponding TEM micrographs. The Au core can
act as an electron promotor for Pd shell to facilitate the organic reaction on the
surface. The superior catalytic performance of bifunctional Au@Pd nanodendrites
was ascribed to the large surface area due to the presence of porous Pd shell and a
higher concentration of unsaturated surface Pd atoms.
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Xiong et al. studied the AuPd concave nanostructures with Au/Pd ratio = 0.08
in the aerobic oxidation reaction of styrene under full-spectrum light illumination
(200 mWcm−2) [24]. The Pd nanostructure was prepared by using PVP polymer and
the Au was introduced onto Pd by galvanic displacement reaction in the presence of
ascorbic acid and NaOH. The NaOH was introduced to control the rate of reduction
and enhance the reduction ability of ascorbic acid. In this way, Auwas introduced in a
precisely controlledmannerwithout affecting the size andmorphology of Pd concave
nanostructure.An average diameter of preparedAuPd0.08 concave nanostructureswas
measured to be 51 nm. The LSPR absorptionwas also observed at 400–900 nmwhich
would assist in visible-light-driven catalytic oxidation of styrene. The styrene oxida-
tion reaction to styrene oxide was carried out at 80 °C in the presence of molecular
oxygen which also forms various unwanted by-products including benzaldehyde,
acetophenone and benzoic acid. It is important to monitor the conversion and selec-
tivity of reactant and main product, respectively, under visible light irradiation. A
volcano-shaped relationship in the styrene oxide selectivitywith theAu content in the
catalyst was observed. The decrease in the selectivity with further increase in the Au
content was due to reduced activation of adsorbed oxygen species. This was further
studied by diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS)
analysis which confirmed that the O2 species on AuPd0.08 prefers the peroxo-like
position instead of superoxo-like configuration which leads to the selective oxidation
of styrene. The rational design of nanocatalysts for visible light-sensitive oxidation
reaction can further be developed by following the concept demonstrated here.

17.5 Conclusions and Outlook

The ability to manipulate and tailor the LSPR absorption in PdAu bimetallic nanos-
tructures can be harnessed to develop multifunctional plasmonic materials with
attractive properties that are difficult to achieve with a single component Au NPs. In
this book chapter,we have introduced different types ofmorphology-controlledPdAu
core-shell nanostructures for efficient catalysis under visible light irradiation. The
sophisticated synthetic methodologies can develop materials with high tunability,
controlled morphology and enhanced electric field enhancement effects in order to
maximise the photon efficiency. The synthesis of bimetallic core-shell nanostructures
with different morphologies, for example, spherical, nanowheel-type, rod, triangular,
cube-like, bipyramidal, dendrite and nanostars, has been discussed for their enhanced
photocatalytic activity in the Suzuki–Miyaura coupling and selective oxidation and
reduction reactions. The most commonly employed synthetic methodology involved
the use of seed-mediated growth process in which the careful modification of the
concentration of surfactant and reductant could produce different morphologies of
core-shell nanostructures as listed in Table 17.1. It was found that Pd@Au nanoden-
drites hybrid catalyst was found to exhibit superior catalytic performance with 100%
yield in the coupling reaction attributing to its wide optical response and higher
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concentration of unsaturated Pd atoms on the surface. In contrast to spherical nanos-
tructures, the presence of sharp features in more complex morphologies such as rod,
triangle, dendrite, cube and star, are expected to display strong plasmonic absorption
and hencemuch higher enhancement in the catalytic performances under visible light
irradiation.

The core-shell bimetallic nanostructures offer a new avenue to merge the advan-
tages of functionalities to engineer nanomaterials for more effective applications in
optics, photocatalysis and photovoltaics. Although the research efforts on the fabri-
cation of plasmonic nanocatalysts are still in their infancy, we expect that further
developments in the design of well-defined hybrid nanomaterials will pave the way
to enhance the catalytic performances and understanding of the mechanistic details
with the help of various in situ spectroscopic tools.
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Chapter 18
Core–Shell Nanoparticles as Cathode
Catalysts for Polymer Electrolyte Fuel
Cells

Hiroshi Inoue and Eiji Higuchi

18.1 Introduction

Polymer electrolyte fuel cells (PEFCs) using molecular hydrogen as a fuel are highly
efficient and clean energy conversion devices, and utilize hydrogen fuel to generate
electricity with water as the sole product, so they are currently commercialized for
vehicles and home uses.

The cell reaction of a PEFC is represented by Eq. 18.1 is exothermic
(�G° = − 237 kJ mol−1), and its standard electromotive force (U°) is 1.23 V.

H2 + 1/2O2 → H2O U ◦ = 1.23 V (18.1)

H2 → 2H+ + 2e− E◦ = 0 V (vs. SHE) (18.2)

O2 + 4H+ + 4e− → 2H2O E◦ = +1.23 V (vs. SHE) (18.3)

A PEFC typically consists of an anode and a cathode separated by a proton-
exchange membrane (PEM) such as Nafion® [1, 2]. Both electrodes are gas diffusion
electrodes, which have a laminated structure of a catalyst layer for electrochemical
reactions and a gas diffusion layer for hydrogen and oxygen gas diffusion, to make
a three-phase interface. At an anode of the PEFC, hydrogen is oxidized in a catalyst
layer to produce two protons and two electrons, as shown in Eq. 18.2. The protons
diffuse through a PEM, while the electrons go through an external circuit to generate
electricity. At a cathode, oxygen is reduced to water, as shown in Eq. 18.3.
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When a PEFC operates, its voltage typically drops from 1.23 V to 0.6–0.7 V.
The hydrogen oxidation reaction at the anode is fast, while ORR at the cathode is
sluggish, so overpotential is much larger for ORR [3–6], which is the main cause of
the decrease in operating voltage. Thus, various electrocatalysts have been developed
to decrease the overpotential for ORR.

Pt is known to be an element with the highest ORR activity. To further enhance
ORR activity, size reduction of nanoparticles [7–12] and alloying of Pt with foreign
transition metals [13–17] were effective due to the increase in specific surface area
and electronic modification of Pt, respectively. The ORR activity is strongly influ-
enced by the strength of the oxygen-metal bond interaction, which depends on the
average energy of the metal d states (d-band center) relative to the Fermi level [18].
A downward shift of the d-band center results in a downward shift of the antibonding
states formed by the coupling of oxygen 2p states and the metal d states, leading to
a weaker oxygen-metal bond interaction. In this way, an approach for screening new
catalysts with higher ORR activity by looking for surfaces that bind oxygen a little
weaker than Pt or a downward shift of the d-band center of Pt has been established
[18]. The Pt-M (M = Ni, Co, Fe) alloy catalysts prepared under such an idea had
higher ORR activity than Pt, but deteriorated under fuel cell operation conditions
[19, 20]. In addition, when the size of Pt NPs is reduced to 2–3 nm or less, the ORR
activity per electrochemical surface area (ECSA), specific activity (SAPt), and thus
that per mass, mass activity (MAPt), of the Pt NPs reduced [21]. These suggest that
the conventional ideas to improve the ORR activity are reaching their limits.

The core–shell structure has recently attracted attention as a bimetal different
from alloys [22–30]. To form a Pt shell with one or two monolayers on a foreign
metal core NP is advantageous in the reduction in the Pt content and the increase
in the utilization and specific surface area of Pt. Moreover, the foreign metal core
will contribute to modify the electronic states of Pt, enhancing SAPt and MAPt.
Zhang et al. have first reported the use of core–shell NPs to reduce Pt loading in fuel
cell electrocatalysts [27, 28]. They formed a Cu monolayer on Pd core NPs using
the underpotential deposition technique, and the Cu monolayer was replaced with a
monolayer of Pt by galvanic replacement to form a Pt monolayer shell. Various noble
and non-noble metals and alloys have been proposed as core material [20–29], and
metal core-Pt shell NP-loaded carbon catalysts whose core material was Pd, Ir, Rh,
Au, Ru, etc., demonstrated higher ORR activity than commercial Pt-loaded carbon
(Pt/C) catalyst.

Adzić et al. found that a Pt monolayer deposited onM(111) (M=Au, Ag, Pd, Rh,
Ir) and Ru(0001) exhibited a volcano-type ORR activity in alkaline solutions, and
Pt/Pd(111) had the highest ORR activity because it had the optimumbalance between
the kinetics of O–O bonding breaking and the electroreduction of the oxygenated
intermediates or O–H formation [24, 29]. The ORR activity, particularly SAPt, of
core–shell NP catalysts with a Pt monolayer shell is influenced by strain effect as
well as ligand (electronic) effect. The compressive strain leads to an extension of the
metal d band due to the increased overlap of the wave functions. If the d band is more
than half-filled, i.e., if the metal is a late transition metal, then the band extension
leads to an increased population of the d band. Because of charge conservation, the



18 Core–Shell Nanoparticles as Cathode Catalysts … 277

d band moves down in order to preserve its degree of d-band filling. A downshift of
the d band leads to a higher occupation of antibonding states in the molecule-surface
interaction, thus lowering the interaction strength. For Pt, the d-band center moves
downward or the oxygen-Pt bond strength is weakened by the compressive strain,
which has experimentally been verified [31–34]. The effect of compressive strain on
ORR activity is more important in Pt NP catalysts because the compressive strain
on the NP surface is larger than that on the bulk surface. Shao et al. reported that
an Au core-Pt shell NP catalyst whose core size was 3.0 nm improved the ORR
activity due to the decrease in surface Pt–Pt distance by compressive strain [35].
We also found that the ORR activity of Au core-Pt shell NP catalysts whose size is
2.5–3.5 nm increased with decreasing the core size [36]. Wang et al. reported that
the Pt–Pt distance of the Pt shell depended on the size of Pd core NPs [37].

So far, we have prepared carbon-supported Pd NP (Pd/C) with ca. 4.2 nm in size
by using CO as a reducing agent in acetonitrile solution containing palladium acetate,
and found that MAPt at 0.9 V versus RHE for the Pd core-Pt shell catalyst using Pd/C
as a core (Pt/Pd/C) was about 5 times in as high as that for the commercial Pt/C [38].
To further enhance the MAPt, it is significant to realize the most appropriate Pt–Pt
distance of the Pt shell by tuning the compressive strain by the composition and size
of coreNPs. In this paper, alloyNPs (Pd100-xAux) of PdwithAu that has larger atomic
radius than Pd were used as a core to tune the Pt–Pt distance of the Pt monolayer
shell, and the ORR activity of the Pd100-xAux alloy core-Pt shell NP-loaded carbon
catalysts was evaluated.

18.2 Characterization of Pd100-xAux Core Nanoparticles

18.2.1 Influence of Alloy Composition

Pd100-xAux/C (x= 5, 10, 20) catalystswere prepared by the samemethod as Pd/C [38]
except that potassium tetrachloroaurate (III) as well as palladium acetate were used
as precursors. The bulk composition of Pd100-xAux NPs was evaluated by inductively
coupled plasma mass spectrometry. The loading of Pd100-xAux on Ketjen black was
30 wt.%.

Figure 18.1 shows XRD patterns of the Pd100-xAux/C (x= 5, 10, 20) and Pd/C. No
peaks due to Au were observed for each sample and the diffraction peak for Pd(111)
shifted to lower angles as the Au content increased, indicating that alloying of Pd
with Au occurred.

The relationship between the nearest neighbor interatomic distance (Rbulk) and
Au content is shown in Fig. 18.2. The Rbulk value increased with the Au content and
deviated from the Vegard law, which suggests that the Pd100-xAux alloys were not
uniform.

Figure 18.3a shows HAADF-STEM image of Pd90Au10 NPs. Lattice spacings
of Pd90Au10 NPs were about 2.27 Å, which assigned to the (111) facet as shown in
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Fig. 18.1 XRD patterns of
Pd100-xAux/C and Pd/C.
Scan rate: 1° min−1

Fig. 18.2 Relationship
between the nearest neighbor
interatomic distance (Rbulk)
and Au content

Fig. 18.3a. Also, the lattice constant (3.93Å) calculated from the lattice spacing coin-
cided with that estimated from XRD. EDX mapping images and EDX line profiles
of Au and Pd for a Pd90Au10 NP are shown in Fig. 18.3b and c, respectively. Both
figures suggest that Au atoms were concentrated in the interior of the NP, forming
an inhomogeneous alloy with different Au contents near the surface and in the bulk,
which coincides with the conclusion drawn from XRD data.
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Fig. 18.3 a HAADF-STEM image, and b mapping images and c line profiles of Pd and Au for
Pd90Au10/C

18.2.2 Influence of Particle Size

To change the size of alloy core NPs, the total concentration of the precursors was
changed. Themean sizes of the prepared Pd100-xAux/C (x= 5, 10, 20) were evaluated
by applying the (111) peak of each XRD pattern to Scherrer’s equation. The mean
particle size as a function of the total concentration of the precursors is shown in
Fig. 18.4a. Irrespective of the Au content, the mean particle size was 3.0, 3.5, 4.2,
and 4.8 nm for the total concentrations of 0.25, 0.5, 1.0, and 2.0 mM, respectively,

Fig. 18.4 a Mean particle size and b Rbulk value as a function of total concentration of precursors
for the Pd100-xAux/C (x = 5, 10, 20) catalysts
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suggesting that the size of Pd100-xAux NPs can be controlled by the total concentra-
tions of precursors in a range of 3–5 nm. In contrast, the Rbulk value was dependent
on the Au content, and independent of the total concentration of precursors as shown
in Fig. 18.4b, suggesting that the distribution of Au and Pd in the NPs did not change
even if the particle size changed.

STEM images and size distribution profiles of Pd100-xAux (x = 5, 10, 20) NPs for
Pd100-xAux/C at the total concentration of precursors of 1 mM are shown in Fig. 18.5.
The STEM images show that Pd100-xAux NPs were highly dispersed on carbon. The
mean size and its deviation of Pd100-xAux NPs calculated from Fig. 18.5 were 4.2 ±
0.7, 4.2 ± 0.6, 4.2 ± 0.5 and 4.2 ± 0.6 for x = 0, 5, 10, and 20, respectively. Each
mean particle size evaluated from STEMwas almost in agreement with that (4.2 nm)
evaluated from XRD.

Fig. 18.5 a, b, c TEM image and d, e, f size distribution profile for Pd100-xAux/C. a, d x = 5, b, e
x = 10, c, f x = 20
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Fig. 18.6 XPS spectra of a Au 4f and b Pd 3d for the Pd100-xAux/C (x = 5, 10, 20), Au powder
and Pd/C

XPS spectra of Pd 3d and Au 4f for Pd100-xAux/C (x = 5, 10, 20) are shown in
Fig. 18.6. The shift of the Au 4f peak to the lower binding energy was distinctly
observed, whereas the Pd 3d peak slightly shifted to the higher binding energy,
suggesting the alloying of Pd with Au.

18.3 Electrochemical Properties of Pd100-xAux Core-Pt
Shell Nanoparticle Catalysts

The preparation of Pd100-xAux/C and the formation of a Pt shell monolayer on the
Pd100-xAux NP surface were performed according to the previous paper [38]. The
metal loading was 6.5 µg cm−2.

Figure 18.7 shows cyclic voltammograms (CVs) and CO-stripping voltammo-
grams of the Pd100-xAux/C- and Pd/C-loaded glassy carbon electrodes in an Ar-
saturated 0.1 M HClO4 aqueous solution. In Fig. 18.7a, typical oxide forma-
tion/reduction peaks of Pd were observed at each electrode. When the Au content

Fig. 18.7 a CVs and b CO-stripping voltammograms of Pd100-xAux/C electrodes
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increased, the reduction peak shifted to higher potentials and hydrogen adsorp-
tion/desorption peaks decreased. Also, a CO-stripping peak decreased with an
increase of theAu content. These results suggest that theAu content on thePd100-xAux
NP surface increased.

CVs and CO-stripping voltammograms of the Pd90Au10/C and Pt/Pd90Au10/C
electrodes are shown in Fig. 18.8. In Fig. 18.8a, after forming a Pt shell, the
oxide reduction peak shifted to higher potentials, and typical hydrogen absorp-
tion/desorption peaks of Pd around 0.1 V decreased. In Fig. 18.8b, the CO-stripping
peak for the Pd90Au10/C electrode was observed around 0.9 V, which is assigned to
stripping of CO adsorbed at the Pd sites, while that for the Pt/Pd90Au10/C electrode
was observed around 0.8 V, which is assigned to the stripping of CO adsorbed on
the Pt shell surface. The peak shift indicates that most of the Pd90Au10 NP surface
was covered with a Pt monolayer.

Figure 18.9 shows hydrodynamic voltammograms at various rotation speeds in
O2-saturated 0.1 M HClO4 aqueous solution for the Pt/Pd90Au10/C electrodes. The
onset potential of the ORR current was around 0.95 V irrespective of rotation speed,

Fig. 18.8 aCVs and bCO-stripping voltammograms of Pd90Au10/C and Pt/Pd90Au10/C electrodes

Fig. 18.9 Hydrodynamic
voltammograms at various
rotation speeds in an
O2-saturated 0.1 M HClO4
aqueous solution for
Pt/Pd100-xAux/C electrode.
Sweep rate: 10 mV s−1
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Fig. 18.10 SAPt and MAPt for ORR at 0.9 V and SSAPt for the Pt/Pd100-xAux/C, Pt/Pd/C and
commercial Pt/C electrodes

which is similar to that of a commercial Pt/C electrode.The slopeofKoutecky–Levich
plots drawn from Fig. 18.9 showed that ORR proceeded in a 4-electron reduction
mechanism, similar to the commercial Pt/C electrode, suggesting that the Pd100-xAux
NPs were covered with Pt.

Figure 18.10 shows the MAPt and SAPt at 0.9 V and specific surface area of
Pt (SSAPt) for the Pt/Pd100-xAux/C, Pt/Pd/C and commercial Pt/C electrodes when
the particle size of core NPs was 4.2 nm. In Fig. 18.10a, SAPt and MAPt showed
a volcano-type relationship with the Au content, which suggests that the optimal
surface Pt–Pt distance was achieved by tuning the Au content or the Rbulk value of
core NPs. In contrast, SSAPt was almost constant irrespective of the Au content,
and larger than the theoretical value (180 m2 g−1) calculated from a Pt monolayer
on Pd NPs with 4.2 nm in size, suggesting that the Pd90Au10 core NP surface was
not completely covered with a Pt shell. As can be seen from Fig. 18.10a, the MAPt

of the Pt/Pd90Au10/C electrode was ca. 8 times and 1.5 times as high as that of the
commercial Pt/C and Pt/Pd/C electrodes, respectively. Since MAPt is the product
of SAPt and SSAPt, the improvement of MAPt is ascribed to that of SAPt which is
influenced by compressive strain or surface Pt–Pt distance.

Figure 18.11a shows MAPt at 0.9 V as a function of size of core NPs for the
Pt/Pd100-xAux/C (x = 5, 10, 20) electrodes. For the Au content of 10 and 20 at.%,
a volcano-type relationship was found between MAPt and the size of core NPs.
However, when the Au content was 5 at.%, MAPt increased with the core size. Since
SSAPt did not change with the core size irrespective of the Au content, it is concluded
that MAPt changed with SAPt which can be influenced by the change in compressive
strain and Pt–Pt distance of Pt monolayer shell with the core size [33, 35].

Shao et al. clarified a relationship between surface compressive strain (S) and
particle size for truncated octahedral Pd, Au, and Pt NPs with density functional
theory (DFT) calculations [35]. The neighbor interatomic distances on the outer-
most surface of core NPs (Rsurface) for Pd100-xAux core NPs with different sizes are
estimated with the following equation.

Rsurface = Rbulk × (1−S) (18.4)
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Fig. 18.11 MAPt at 0.9 V as a function of a size of core NPs and b Rsurface for the Pt/Pd100-xAux/C
(x = 5, 10, 20) electrodes

Figure 18.11b shows a relationship between MAPt and Rsurface for the
Pt/Pd100-xAux/C electrodes. MAPt exhibited a volcano-type dependence on Rsurface,
which clearly indicates that the size dependence of MAPt is due to the change in
surface Pt–Pt distance caused by the increase in compressive strain with decreasing
particle size.

The durability of Pt/Pd100-xAux/C electrodeswas investigated by repeating square-
wave potential cycling between 0.6 V for 3 s and 1.0 V for 3 s in an Ar-saturated
0.l M HClO4 aqueous solution at 60 °C [36, 38]. Figure 18.12 shows the change in
normalized ECSAwith cycle number for the Pt/Pd100-xAux/C (4.2 nm), Pt/Pd/C, and
commercial Pt/C electrodes. The normalized ECSAwas defined as the percentage of
ECSA after potential cycling to that before potential cycling. After10000 cycles, the
normalizedECSAsof thePt/Pd95Au5/C andPt/Pd90Au10/C electrodeswere similar to
each other, and as large as those of the Pt/Pd/C and Pt/C-TKKelectrodes. On the other
hand, the normalized ECSA after 10,000 cycles for the Pt/Pd80Au20/C/GC electrode
was ca. 15% larger than the other electrodes, demonstrating better durability.

Fig. 18.12 Change in normalized ECSA of Pt with cycle number for a Pt/Pd100-xAux/C, Pt/Pd/C
and commercial Pt/C and b Pt/Pd90Au10/C (3.6, 4.2 and 4.8 nm) electrodes in an Ar-saturated 0.1M
HClO4 aqueous solution at 60 °C. Scan rate: 20 mV s−1
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Fig. 18.13 Line profiles of Au, Pd and Pt components for Pt/Pd80Au20/C a before and b after
10,000 cycles

The analysis of Pt, Pd, and Au components dissolved in the electrolyte solution
after potential cycling by ICP-MS showed that only Pt and Pd components were
detected in the electrolyte solution. In addition, the amount of dissolved Pt and
Pd components was smaller for Pt/Pd100-xAux/C with higher Au contents, which
suggests that the oxidative dissolution of Pt was suppressed. EDX line profiles
of Au, Pd, and Pt components before and after 10,000 cycles for Pt/Pd80Au20/C
were shown in Fig. 18.13. After 10,000 cycles, the Au atoms had moved from the
inside of the core NP to the Pt monolayer shell surface, which was also observed for
Pt/Pd90Au10/C. Sasaki et al. have reported that Au atoms in Pt/PdAu NPs segregated
to the NP surfaces and protected defective sites on Pt monolayer shells [39], which
can also be applied to the results for Pt/Pd90Au10/C. However, this was not the case
for Pt/Pd90Au10/C electrodes probably because of the inhomogeneity of Pd100-xAux
core NPs.

The change in normalized ECSA with cycle number for the Pt/Pd90Au10/C (3.6,
4.2, and 4.8 nm) electrodes was shown in Fig. 18.11b. The normalized ECSA slightly
decreased with decreasing core size, suggesting that core size did not significantly
affect durability. According to Ref. [35], the proportion of surface defective sites
increases with decreasing particle size, and the increment is smaller for particle sizes
of 3 nm and more. So, the difference in particle size in this study may not affect the
protective effect of defective sites.

18.4 Summary and Outlook

Core–shell NP catalysts are attractive for enhancingMAPt or decreasing Pt consump-
tion in cathode catalysts for PEFCs. Pd100-xAux alloy core NPs supported on carbon
(Pd100-xAux/C, x = 5, 10, 20) were prepared by changing the composition of palla-
dium acetate and potassium tetrachloroaurate (III) precursors, and the core size was
controlled by the total concentration of precursors. The production of Pd100-xAux
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alloy NPs was confirmed by XRD, TEM, and XPS. The nearest neighbor inter-
atomic distances estimated from XRD patterns increased with the Au content, but
they are longer than the theoretical ones because of the inhomogeneity of Pd100-xAux
alloys. The formation of a Pt monolayer shell on Pd100-xAux core NPs was confirmed
by cyclic voltammetry and CO-stripping voltammetry. The MAPt for ORR at 0.9 V
for the Pt/Pd90Au10/C electrode was ca. 8 times and ca. 1.5 times as high as that for
the commercial Pt/C and Pt/Pd/C electrodes, respectively. The increase in MAPt was
ascribed to that of SAPt which was influenced by compressive strain or surface Pt–Pt
distance. MAPt also showed a volcano-type relationship with the core size, although
it increased for the Au content of 5 at %. Moreover, MAPt exhibited a volcano-type
dependence on the Rsurface irrespective of the Au content, which clearly indicated that
the size dependence of MAPt is due to the change in surface Pt–Pt distance caused
by the increase in compressive strain with decreasing particle size. In terms of dura-
bility, the Pt/Pd80Au20/C electrode was superior to the other electrodes because Au
atoms segregated to the NP surfaces and protected defective sites on Pt monolayer
shells. The durability was not significantly influenced by the core size.

In this way, the core–shell NP catalysts with a Pt monolayer shell are promising as
cathode catalysts for PEFCs in terms of the activity and durability for ORR. For their
practical use in the near future, research and development on the preparation of stable
core NPs that consist of non-precious metals and easy formation technique of a Pt
monolayer shell will be urgent tasks. If all these tasks are completed, the core–shell
NP catalysts will be used not only for fuel cells but also as versatile electrocatalysts.
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Chapter 19
Tailoring of Core Shell Like Structure
in PdPt Bimetallic Catalyst for Catalytic
Application

Shuai Chang, Soon Hee Park, Chang Hwan Kim, and Sung June Cho

19.1 Introduction

Novel nanoparticles have attractedmuch attention due to their unique catalytic perfor-
mance in various reactions [1]. A nanoparticle can be classified as zero-dimensional
entity. The electrochemical, magnetic, and optical properties of these nanoparticles
are totally different from those of bulk metals. Preparation of such a nanoparticle
has been investigated since 1970 [2]. There are many methods for the preparation of
nanoparticles such as ion exchange, impregnation, chemical vapor deposition, etc.
Traditional methods such as ion exchange and impregnation are still routines for
the preparation of industrial catalysts. Microstructure of the obtained nanoparticles
has been studied with gas adsorption, X-ray diffraction, and transmission electron
microscopy [3–5].

Extended X-ray absorption fine structure (XAFS) has been used to characterize
the local atomic structure in nanomaterials. XAFS has been applied to elucidate the
structure of bimetallic nanoparticle catalyst used in catalytic conversion of hydro-
carbon [6]. The bimetallic nanoparticles were prepared simply with the incipient
impregnationmethod of bothmetal salts on alumina. In 1990, Iwasawa and coworker
investigated the polymer supported nanoparticles with XAFS [7]. They showed that
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the uniform-sized nanoparticles can be prepared upon reduction in the solution phase.
However, there was a lack of information on the surface structure of nanoparticles.

Themicrostructure of the nanoparticles can depend on the sequence of the loading
of metal salts and the choice of pretreatment methods. Tailoring of the surface struc-
ture of bimetallic nanoparticles is an essence in the current preparation technology
[8]. The surface technique such as XPS is a possible characterization method for
the surface structure of the nanoparticles. However, the supported nanoparticles are
dispersed on high surface area substrate, resulting in much difficulty in measurement
and analysis [9]. Thus, a more effective method such as 129Xe NMR spectroscopy is
necessary for the characterization of the surface structure. 129Xe NMR spectroscopy
was pioneered by Fraissard and coworker [10, 11]. It has been used extensively to
probe the micropore and surface structure of zeolite related materials. The pres-
ence of the nanoparticles inside the cage of microporous materials gives a rise in
129Xe NMR chemical shift due to the strong interaction between Xe atoms and metal
surface. The degree of the interaction depended much on the concentration and type
of metal presented at the corresponding surface.

This work was aimed to design the bimetallic nanoparticles based on the inves-
tigation of each monometallic nanoparticles. Thus, the electronic property and the
catalytic activity can be controlled as a result of the rational design of the bimetallic
nanoparticles. The design of the bimetallic nanoparticles has been achieved based
on the investigation of the monometallic nanoparticles.

19.2 Design Strategy of Monometallic and Bimetallic
Nanoparticles

Monometallic nanoparticles can be prepared with three different methods after the
impregnation and ion exchange into suitable supports. The calcinations-reduction
treatment is suitable for the generation of Pt [12], Pd [13], and Rh [14] nanoparticles.
The evacuation or thermal decomposition-reduction is suitable for the Ir [15] and Ru
[16] nanoparticles. The direct reduction is preferred to prepare the sponge like metal
aggregates such as Pt and Pd. Depending on the pretreatments, the location of metal
particle can be altered, and also the resulting adsorption and catalytic properties can
be modified. If the Ir and Ru are subject to oxidation or calcination, the significant
particle growth or sintering was resulted due to the volatile metal oxide complex such
as RuO4(g) or RuO3(g) [17, 18]. Thereby, the gas adsorption and catalytic properties
were deteriorated.

For the preparationof bimetallic nanoparticles, the pretreatment should be selected
carefully since one metal can sinter and the other does not. Also, the order of
the loading of metal salt is critical for the preparation of bimetallic nanoparticles.
Figure 19.1 shows the imaginative bimetallic nanoparticle structures. The first one
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Fig. 19.1 Schematics for the possible structure of the bimetallic nanoparticles

can be considered to be a just mixture of two independent monometallic nanoparti-
cles. The secondone is single phase alloy particles that can be obtained through simul-
taneous loading of the two types of metals. The last one is the bimetallic nanoparticle
structure of cherry or core-shell like model. In this case, the other metal component
can be supported subsequently on the substrate containing one metal component.
The proper treatment can be selected to obtain such unique structure.

Figure 19.2 shows the transmission electron micrographs of the Pt nanoparticle
supported on NaY zeolite. The Pt nanoparticles can be found in Fig. 19.2a. It was
prepared with the calcination and the subsequent reduction by flowing hydrogen
after the ion exchange of Pt(NH3)42+ into NaY zeolite. The size was estimated to
be 1 nm, consistent with the result of TEM, hydrogen chemisorption, Xe adsorp-
tion, and XAFS. The loading was controlled to 2 wt%. Figure 19.2b showed the Pt

Fig. 19.2 Transmission electron micrograph of Pt nanoparticle supported on Y zeolite: a Pt/NaY
obtained through the calcination and the subsequent reduction; b Pt(NH3)42+ was exchanged into
Pt/NaY, treated in flowing oxygen at 593 K, and subsequently reduced at 573 K; c Pt(NH3)42+

was exchanged into Pt/NaY and subsequently reduced with hydrogen at 573 K; d Pt(NH3)42+ was
exchanged into NaY and subsequently reduced with hydrogen at 673 K
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Table 19.1 Results of the characterization with xenon adsorption measurement and XAFS

Sample Xe/Pt na CNb R (nm)c

2 wt% Pt/NaYe 0.069 58 5.0 0.275

2 + 8 wt% Pt/NaY(CR)f 0.083 55 5.4 0.276

10 wt% Pt/NaYe 0.066 61 5.1 0.276

2 + 8 wt% Pt/NaY(DR)g 0.018 – 12.0 0.277

aAverage number of atoms per Pt particle calculated following themethod presented in the reference
[12]. bPt-Pt coordination number (±0.5). cPt-Pt distance (±0.001). eThe samples were prepared
through the calcinations-reduction. fThe sample was prepared through the calcinations-reduction
after the second ion exchange of additional Pt complex. gThe sample was prepared through the
direct reduction after the second ion exchange of additional Pt complex

nanoparticles after the ion exchange of additional Pt(NH3)42+ into NaY zeolite, 8
wt%, and subsequent calcination-reductions. The particle size in Fig. 19.2b was the
same as that in Fig. 19.2a. It seems that the calcinations-reduction resulted in the
formation of separate Pt nanoparticles after the additional loading of the Pt complex.
Table 19.1 shows the results of the xenon adsorption measurement and atomic struc-
tural parameters from XAFS. The results on the sample in Fig. 19.2a, b indicated
the same Pt nanoparticle size. Comparison with the results on 10 wt% Pt nanopar-
ticle samples suggested that the calcination-reduction method led to the formation
of separate nanoparticles after the second ion exchange [12].

Direct reduction of the second loaded Pt complex resulted in the formation of large
Pt metal particles. The xenon adsorption decreased to 0.018 and the atomic structural
parameter indicated the bulk Pt. The resulting particle size was limited to 3–4 nm.
However, large agglomerates of Pt nanoparticles are obtained if there is no seed Pt
nanoparticle as shown in Fig. 19.2d. The formation mechanism can be modeled as in
Fig. 19.3. Initially, 2wt%Pt sample contained 1 nm size Pt nanoparticles entrapped in
NaY zeolite supercage. The additional loading of the Pt complex can result in either
1 nm Pt nanoparticle through the calcinations-reduction or 3–4 nm Pt nanoparticle
through the direct reduction. It can be assumed that the preloaded Pt nanoparticle
can be reduced readily through contact with hydrogen even at room temperature.
Thus, the strong reducing agent, atomic hydrogen was present on the surface of the
preloaded nanoparticle. The secondly loaded Pt complex can be reduced near or at
the surface of the preloaded nanoparticle by the adsorbed atomic hydrogen [8]. This
reduction mechanism is proposed in Fig. 19.4.

The reduction mechanism for the bimetallic nanoparticles has been tested for the
PtPd nanoparticles supported on NaY zeolite [19]. Pt nanoparticle was prepared first
and Pd was loaded secondly. Depending on the preparation methods, it was found
that the same trend in the results of the xenon adsorption measurement as that of Pt
nanoparticle above-mentioned. The Xe/M of the Pd/Pt/NaY(DR) was 0.076 when
only the Pt content was considered. It meant that the preloaded Pt play a role as a
seed for the reduction and formation of Pd nanoparticle over the Pt nanoparticle. This
result suggested that the reduction mechanism outlined in Fig. 19.4 can be applied
to the preparation of the well-defined nanoparticles.
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Fig. 19.3 Schematics for the structural model for the formation of nanoparticles through the
different preparation methods

Fig. 19.4 Schematics for the reduction mechanism. The Pt nanoparticle was preloaded and
subsequently Mn+ is loaded secondly

In this work, the preloaded Pt nanoparticles or Pd nanoparticles were considered
as a seed for the loading of other metals. The pretreatment condition adopted in this
work was direct reduction since it aimed to cover the preloaded Pt nanoparticle with
the secondly loaded metal, resulting in the cherry or core–shell like model structure
as illustrated in Fig. 19.1.
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19.3 Preparation, Characterization, and Catalysis
of Bimetallic Nanoparticles

For the preparation of PtPd nanoparticles on alumina, Pd(NO3)2 (Engelhard, 19.9%
Pd)was impregnated intoLa-dopedAl2O3 (2mol%La-Al2O3) supplied fromCondea
Inc. Its surface area was 90 m2 g−1. The activation procedure was the calcination in
oxygen at 823 K for 6 h followed by the reduction with hydrogen at 823 K for 4 h.
The Pd loading of the catalyst was 2 wt% on dry basis. The obtained Pd catalyst was
denoted as Pd/La-Al2O3.

The bimetallization by platinum was performed as follows: the reduced Pd
nanoparticle was impregnated with the aqueous solution containing the desired
amount of H2PtCl6. The platinum complex impregnated Pd catalyst was dried in
an oven at 373 K for overnight. The obtained sample was reduced up to 823 K
by flowing hydrogen without the activation in oxygen flow. The platinum loading,
the Pt/Pd ratio was controlled to 0, 0.5, 1.0, and 2.0, respectively. The bimetallic
nanoparticle catalyst was also denoted as Pt/Pd/La-Al2O3.

Natural xenon gas (Matheson, 99.995%) was used for adsorption measurement.
Xenon and hydrogen adsorption measurements were performed at 296 K with a
conventional volumetric gas adsorption apparatus. The adsorption temperature was
controlled to within 296 ± 0.1 K by a constant-temperature circulation bath.

Hydrogen chemisorption at 296 K was measured volumetrically after the pre-
adsorbed hydrogen atoms were desorbed at 673 K in a vacuum (1 × 10–3 Pa) for
2 h and the sample cooled to 296 K. Extrapolation of this adsorption isotherm from
13–53 kPa to zero pressure was referred to as total hydrogen chemisorption value,
Htotal/Pttotal. The sample was then evacuated at 296 K for 2 h and a second isotherm
was measured, which corresponded to reversible hydrogen chemisorption value,
Hrev/Ptrev.

X-ray absorption fine structure (XAFS) for the samples was obtained with self-
supporting wafers of 10 mm in diameter pressed with 0.20 g powder sample. Since
the sample wafers were exposed to air during the wafer pressing, each wafer was
reduced againwithH2 flow at 573K inside a PyrexU-tube flow reactor and evacuated
at 673 K to remove the chemisorbed hydrogen. The sample wafer was then moved
to a joining XAFS cell. The XAFS cell was fabricated with Pyrex glass and Kapton
windows (Du Pont, 125 μm thick). The Kapton windows were joined using Torr
Seal (Varian). The XAFS cell containing sample wafer under He gas was sealed with
flame and stored in a vacuum desiccator until XAFS measurement.

The XAFS in He gas was measured at the Pt LIII edge at room temperature using
Beam Line 10B at the Photon Factory and at Pd K edge using Beam Line at Pohang
Accelerator Laboratory. The ring current was maintained at 300–350 mA during
the measurements. The X-ray energies for X-ray absorption near edge structure
(XANES) and XAFS at the edge were increased by 0.5 eV and 1.9 eV, respectively.
The X-ray intensity was measured by using a gas ionization chamber. The detector
gases for I0 and I were 100% Ar and 100% Kr, respectively.
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XAFS for the sample was obtained above the Pd K and Pt LIII edges. The XAFS
data in the wave vector (k) range between 30 and 140 nm−1 were analyzed using
UWXAFS2 program package [20]. The EXAFS oscillation (χ(k)) was multiplied by
the wave vector cube (k3) after background removal and normalization. Background
was removed with a r-space technique in which low-r background components in
the Fourier transform (FT) are optimized through the comparison with a standard
XAFS generated using FEFF5 code [21]. Fourier transformations were performed
from 30≤ k ≤ 140 nm−1 to 0.18≤ r ≤ 0.30 nm usingHanning window function. The
curve fitting for the EXAFS was performed without Fourier filtering. The number of
parameters used in the curve fitting was less than the allowed maximum number of
parameters, N free = 2/π·δr·δk + 2, where δk is the FT range in k-space, and δr is the
fitting range in r-space.

The catalytic activity of methane combustion over the sample wasmeasured using
the microreactor system equipped with a gas chromatograph (HP5890, Hewlett
Packard). The methane concentration was controlled to 1 vol% and 99% air. The
space velocity, GHSV was 30,000 h−1.

19.4 Pt/Pd/La-Al2O3 Catalyst

In the previous work, we suggested the reversible structural model of the Pd catalyst
during the thermal cycling as shown in Fig. 19.5 [8, 22]. The PdO seems to convert to
the surface attachedPdO state at 950Kafter the desorption of oxygen upon increasing
the temperature. Rodriguez et al. proposed the PdAlOx as the surface attached PdO
species [23]. The surface attached PdO species was further reduced to Pd metallic
state at 1023–1073 K that is susceptible to particle growth upon excessive heating,
thereby losing the catalytic activity.

The thermal stabilization of the Pd catalyst was investigated using the surface
coating of titanium oxide that is known to have a strong metal support interaction
[24]. The near edge spectra of PdO and Pd foil are presented in Fig. 19.6 to illustrate
the difference of the near edge structure above the Pd K edge. The X-ray absorption
at the Pd K edge in Pd foil was suppressed due to the dipole forbidden transition. The
intensity of the 4s → dp transition and the presence of 4s → dsp, dp can be traced

Fig. 19.5 The reversible structural transformation in Pd catalyst
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Fig. 19.6 Near edge spectra
of the a Pd foil and b PdO.
The absorption inflection
corresponds to 4s → d and
the second and third peaks
correspond to dp and
dsp transitions, respectively

in order to clarify the atomic and electronic change upon the heating. In the XANES
experiment, the transformation temperature from PdO to Pd was increased by the
surface coating while the reverse transformation occurred at a similar temperature.

This characteristic change of the metal oxide surface coated Pd catalyst is also
shown in Fig. 19.7. The sudden change of near edge spectra occurred at above
1123 K, which corresponded to the transformation of PdO to Pd. While, the reverse
transformation from Pd to PdO occurred at 973 K. Such a transformation behavior
is the same as that of Pd catalyst, except the high transformation temperature from
PdO to Pd by 100 K. Thus, the thermal stability can be improved by the coating of
metal oxides onto the Pd catalyst.

Further, the drastic change in the near edge spectra occurred in the bimetallized
Pd nanoparticle by Pt as shown in Fig. 19.8. Upon the increase of the Pt content, the
near edge structure changed progressively to resemble that of Pd foil. At the high
loading of Pt, the XANES spectrum was almost the same as that of Pd foil. The
model for the formation mechanism of bimetallic nanoparticles was proposed using
the Pt nanoparticle in zeolite cage [12]. The preloaded Pd catalyst is easy to reduce
upon heating in hydrogen flow at low temperature, ~373 K. During the reduction of
the secondly loaded platinum complex without the activation in oxygen, the reduced
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Fig. 19.7 Near edge spectra of the metal oxide surface coated Pd catalyst measured as a function
of heating temperature (The inserted bars are the guides for the change of the edge features)

preloaded palladium metal nanoparticles adsorb atomic hydrogen and the platinum
complex ion moves the site of palladium nanoparticles to be reduced readily. Such
a mechanism also resulted in the formation of the M surface-enriched Pd particle
as illustrated in Fig. 19.9. Thus, the palladium metal covered with platinum has no
contact with oxygen or oxygen coordination when increasing Pt content [8]. The
results of the data analysis of the XAFS spectrum of the bimetallized Pd catalyst are
shown in Tables 19.2 and 19.3. At the Pd K edge, the oxygen coordination around
the palladium atom disappeared with the increase of platinum content.

The overall coordination number was 9 ± 1 with 0.270 nm of metal distances,
indicating the reduced metallic state in the bimetallic nanoparticles. The particle
size estimated from the coordination number was 1–2 nm. The oxygen coordination,
however, was detected at the Pt LIII edge in the series of the bimetallized catalysts.
The coordination number of the bimetallic pair decreased progressively with the
increase of the platinum content. The total metallic coordination number was 6 ±
1 with 0.271 nm of metal distances, consistent with the formation of the nanosized
particles.

The bimetallic PtPd nanoparticle of Pt/Pd = 1.0 showed a little different change
of XANES spectrum as a function of heating temperature in Fig. 19.10. The metallic
XANES features were retained over the temperature range upon heating and cooling
except for the slight change at around 973 K. The structure of the bimetallized Pd
nanoparticle seems to remain the same.Thus, the inhibition of the reversible structural
transformation of the bimetallic PtPd nanoparticles can be suggested based on the
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Fig. 19.8 Near edge spectra of the bimetallic PtPd nanoparticle supported on alumina measured
as a function of Pt/Pd ratio

Fig. 19.9 Schematic of the reduction mechanism: a the reduction of the preloaded Pd nanoparticle,
b the formation of adsorbed atomic hydrogen and the subsequent reduction of the secondly loaded
metal ion, and c the formation of. M surface-enriched Pd particle
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Table 19.2 Structural parameters obtained from the curve fitting of EXAFS data analysis of the
EXAFS spectrum above the Pd K edge

Sample Pair N R (nm) σ2 (pm2)a

Pd/La-Al2O3 Pd–O 3.5 0.201 17

Pd–Pd 4.8 0.305 58

Pd–Pd 4.2 0.343 42

Pt/Pd/La-Al2O3(Pt/Pd = 0.5) Pd–O 2.0 0.201 54

Pd–Pd 2.7 0.271 56

Pd–Pt 4.2 0.267 49

Pt/Pd/La-Al2O3(Pt/Pd = 1.0) Pd–O – – –

Pd–Pd 5.2 0.273 57

Pd–Pt 4.2 0.270 73

Pt/Pd/La-Al2O3(Pt/Pd = 2.0) Pd–O – – –

Pd–Pd 2.3 0.273 63

Pd–Pt 7.4 0.270 96

aThe Debye–Waller factor

Table 19.3 Structural parameters obtained from the curve fitting of XAFS spectrum above the Pt
LIII edge

Sample Pair N R (nm) σ2 (pm2)a

Pt/Pd/La-Al2O3(Pt/Pd = 0.5) Pt–O 3.4 0.193 142

Pt–Pd 4.3 0.258 56

Pt–Pt 4.7 0.259 49

Pt/Pd/La-Al2O3(Pt/Pd = 1.0) Pt-O 1.3 0.201 82

Pt–Pd 1.7 0.272 38

Pt–Pt 3.4 0.271 70

Pt/Pd/La-Al2O3(Pt/Pd = 2.0) Pt-O 1.3 0.199 58

Pt–Pd 1.2 0.272 35

Pt–Pt 5.1 0.271 70

aThe Debye–Waller factor

results of the measurement of XANES as a function of temperature. The summary
of the reversible transformation is presented in Table 19.4.

Figure 19.11 shows the catalytic activity of methane combustion as a function
of reaction temperature. The catalytic activity of the Pd only catalyst had a strong
catalytic hysteresis with 100 K temperature gap. The platinum catalyst also showed
weak hysteresis, which the catalytic performance was inferior to that of the Pd
catalyst. However, the bimetallized Pd catalyst with Pt showed no hysteresis in
the methane combustion. It seems to be due to the formation of platinum-enriched
palladium nanoparticles as suggested from the results of XANES.
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Fig. 19.10 Near edge spectra of the PtPd bimetallic nanoparticlesmeasured as a function of heating
temperatures at a the Pd K edge and b the Pt LIII edge

Table 19.4 Summary of the
reversible transformation
temperature obtained from the
measurement of the XANES
as a function of temperature

Sample TPdO→Pd (K) TPd→PdO (K)

Pd/La-Al2O3 1123 950

TiO2-Pd/La-Al2O3 1273 <973

ZrO2-Pd/La-Al2O3 1273 <970

Pt/Pd/La-Al2O3 ~973 <873

The bimetallization of the Pd catalyst with Pt changed completely the reversible
structural transformation by forming the platinum enriched palladium nanoparticles.
The effect of the bimetallization is the removal of catalytic hysteresis in methane
combustion and the same catalytic entity over the temperature range, consistent with
the results of XAFS/XANES.
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Fig. 19.11 Catalytic activity of (circle) 2 wt% Pd/La-Al2O3, (rectangular) 2 wt% Pt/La-Al2O3,
and (triangle) Pt/Pd/La-Al2O3 (Pt/Pd = 0.5). The open and closed symbols indicate the increase
and the decrease of the reaction temperature, respectively

19.5 Conclusion

Tailoring of the bimetallic nanoparticles comprising of core–shell model in which
the one specific metal was deposited preferentially on the other metal was achieved
with the proper pretreatments after the formationof the nanoparticle and subsequently
loading of the second component metal. Suchmicrostructural control can be possible
based on the information on the formation and growth ofmonometallic nanoparticles.
The obtained bimetallic nanoparticles showed the improved catalytic performance
compared to that of monometallic nanoparticles. The reductionmechanism proposed
in the present work provides a basic understanding of how the specificmicrostructure
can be made using the conventional pretreatment method. Thereby the economic
preparation technology for the bimetallic nanoparticles can be built employing the
simple reduction mechanism.

Acknowledgements This research was supported by the National Research Foundation of Korea
(grant numbers NRF-2016R1A5A1009592). The experiments at Pohang Accelerator Laboratory
(PAL) were supported in part by MSIP and POSTECH.



302 S. Chang et al.

References

1. Liu L et al (2018)Metal catalysts for heterogeneous catalysis: from single atoms to nanoclusters
and nanoparticles. Chem Rev 118:4981–5079

2. Cuenya BR (2010) Synthesis and catalytic properties of metal nanoparticles: size, shape,
support, composition, and oxidation state effects. Thin Solid Films 518:3127–3150

3. Liu T et al (2015) Synthesis, characterization and enhanced gas sensing performance of porous
ZnCo2O4 nano/microspheres. Nanoscale 7:19714–19721

4. Li W et al (2013) CuTe nanocrystals: shape and size control, plasmonic properties, and use as
SERS probes and photothermal agents. J Am Chem Soc 135:7098–7101

5. Berg R (2016) Revealing the formation of copper nanoparticles from a homogeneous solid
precursor by electron microscopy. J Am Chem Soc 138:3433–3442

6. Johns TR (2013) Microstructure of bimetallic Pt-Pd catalysts under oxidizing conditions.
ChemCatChem 5:2636–2645

7. Ichikuni N, Iwasawa Y (1993) In situ d electron density of Pt particles on supports by XANES.
Catal Lett 20:87–95

8. Cho SJ, Kang SK (2004) Structural transformation of PdPt nanoparticles probed with X-ray
absorption near edge structure. Catal Today 93–95:561–566

9. Haverkamp RG et al (2011) Energy resolved XPS depth profile of (IrO2, RuO2, Sb2O5, SnO2)
electrocatalyst powder to reveal core–shell nanoparticle structure. Surf Interface Anal 43:847–
855

10. Chen QJ et al (1991) 129Xe-n.m.r. study of rare earth-exchanged Y zeolites. Zeolites 11:239–
243

11. Gedeon A et al (1993) 129Xe NMR study of the Cu+-Xe interaction in CuNaY zeolites.
Generalization to the demonstration of Xe-nd10 interactions. J Phys Chem 97:4254–4255

12. Ryoo R et al (1993) Clustering of platinum atoms into nanoscale particle and network on NaY
zeolite. Catal Lett 20:107–115

13. Pei X et al (2018) Size-controllable ultrafine palladium nanoparticles immobilized on
calcined chitin microspheres as efficient and recyclable catalysts for hydrogenation. Nonoscale
10:14719–14725

14. Huang L et al (2018) Fabrication of rhodium nanoparticles with reduced sizes: an exploration
of confined spaces. Ind Eng Chem Res 57:3561–3566

15. Celaje JJA et al (2016)A prolific catalyst for dehydrogenation of neat formic acid. Nat Commun
7:11308. https://doi.org/10.1038/ncomms11308

16. Aitbekova A et al (2018) Low-temperature restructuring of CeO2-supported Ru nanoparticles
determines selectivity in CO2 catalytic reduction. J Am Chem Soc 140:13736–13745

17. Kleiman-Shwarsctein A et al (2012) A general route for RuO2 deposition on metal oxides from
RuO4. Chem Commun 48:967–969

18. Liu K et al (2020) Strong metal-support interaction promoted scalable production of thermally
stable singl-atom catalysts. Nat Commun 11:1263. https://doi.org/10.1038/s41467-020-149
84-9

19. Cho SJ (1997) Structure and reactivity of Pt cluster and Pt-based bimetallic cluster supported
on KL zeolite. PhD Thesis, Korea Advanced Institute of Science and Technology, p104

20. Frenkel A et al (1994) Solving the structure of disordered mixed salts. Phys Rev B 49:11662–
11674

21. Rehr JJ et al (1992) High-order multiple-scattering calculations of x-ray absorption fine
structure. Phys Rev Lett 69:3397–3400

22. Cho SJ, Kang SK (2000) Reversible structural transformation of palladium catalyst supported
on La-Al2O3 probed with X-ray absorption fine structure. J Phys Chem B 104:8124–8128

23. Rodriguez NM et al (1995) In-situ electron microscopy studies of palladium supported on
Al2O3, SiO2, and ZrO2 in oxygen. J Catal 157:676–686

24. AsakuaraK et al (1992) Structure of one atomic layer titanium oxide on silica and its palladium-
mediated restructuring. J Phys Chem 96:829–834

https://doi.org/10.1038/ncomms11308
https://doi.org/10.1038/s41467-020-14984-9


Chapter 20
Core–Shell Functional Materials
for Electrocatalysis

Jinchen Fan, Qunjie Xu, Qiaoxia Li, and Juan Wang

20.1 Introduction

With the rapid development of industry, the large-scale development and utilisation
of various resources has caused more and more serious environmental pollution
problems, and at the same time threatened human life and health. Environmental
governance methods are relatively limited, and the technological development and
utilisation of new energy sources has broad prospects for development.

Electrochemical conversion and energy storage technologies, such as water split-
ting, metal-air batteries and fuel cells, play an important role in the development of
new energy sources. The water-separating electrolysers that can convert electrical
energy into storable hydrogen are a fascinating and scalable energy conversion tech-
nology for the use of renewable energy. In order to accelerate the slow hydrogen and
oxygen evolution reaction (HER and OER), electrocatalysts are essential to reduce
their kinetic energy barriers and ultimately improve the energy conversion efficiency.
Metal-air batteries have gained new attention as potential energy storage/conversion
solutions due to their high specific energy, low cost and safety. However, the devel-
opment of metal-air batteries has been greatly hindered due to their relatively low
rate capability and the lack of effective and stable air catalysts. The former is mainly
due to the slow kinetics of the oxygen reduction reaction (ORR) and the high elec-
trode potential To. Fuel cells have also attracted great attention as a promising clean
energy conversion system. Amongst the different fuels that have been used in fuel
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cells, hydrogen, methanol and ethanol have been the most extensively studied, and
each has its advantages and disadvantages. The slow kinetics of themethanol/ethanol
oxidation reaction (MOR/EOR) is the biggest obstacle to the development of fuel
cells. Due to its environmental friendliness and cost-effectiveness, electrocatalytic
nitrogen fixation (N2) technology has emerged, which can achieve the green produc-
tion of ammonia. However, the production of ammonia by electrocatalysis is still
far from use in practical applications. In order to promote practical applications, a
thorough understanding of nitrogen fixation is necessary for the future design of
efficient catalysts. The electrochemical conversion of CO2 into high-energy-density
chemicals and fuels by electricity generated from renewable energy sources has been
considered as a promising strategy for achieving sustainable energy. As a thermo-
dynamically stable and kinetically inert molecule, the activation and reduction of
CO2 are extremely challenging. Although the participation of protons in the carbon
dioxide electroreduction reaction (CO2RR) helps lower the energy barrier, a high
overpotential is still required to effectively promote the process. There is an urgent
need for electrocatalysts with high activity and selectivity multi-carbon-based prod-
ucts to improve the energy efficiency of CO2RR. The wide application of the above
technologies is inseparable from high efficiency, low toxicity, low cost, green and
sustainable electrocatalysts. At present, it is necessary to develop high-efficiency
electrocatalysts with more reasonable control over the structure (such as particle
size, morphology, surface structure and electronic structure) and chemical compo-
sition, and it is still a huge challenge. All or part of the problems can be solved by
developing a catalytic system with a core–shell structure. On the one hand, using
the core as a carrier can achieve the porosity, surface area, etc. of a specific surface
(shell) nanostructure. On the other hand, the synergy between the shell and the core
can achieve a higher efficiency/yield/selectivity combination. Third, the properties
of the core and shell in catalytic applications are used for improvement/combination
applications (for example, magnetically separable nanocatalysts that can be reused
without loss of catalytic efficiency).

In this chapter, we will describe the recent progress of core–shell functional
materials for electrocatalysis toward HER, OER, ORR, nitrogen reduction reac-
tion (NRR), CO2RR and MOR/EOR. The mechanisms of HER, OER, ORR, NRR,
CO2RR and MOR/EOR are discussed and the remaining challenges and future
prospects of core–shell functional materials for electrocatalysis are presented.

20.2 Core–Shell Functional Materials for Electrocatalysis

20.2.1 Hydrogen Evolution Reaction (HER)

In the electrolysis water system, an external current is applied to overcome the energy
barriers of theHER andOER, generatingH2 andO2 at the cathode and anode, respec-
tively. HER is a multi-step electrochemical process on the electrode surface where
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electrons are obtained to generate hydrogen. Although the electrolysis of water to
produce hydrogen is simple and feasible in theory, there is still no large-scale appli-
cation of water decomposition to produce H2 [1]. At present, the electrode material
with the best performance for water electrolysis is a Pt-based noble metal catalyst
with disadvantages such as high price, limited reserves and poor electrocatalytic
stability, which greatly limits the application of this material. [2] Therefore, when
using Pt-based precious metals as HER electrocatalysts, it is necessary to develop
highly efficient Pt-based catalysts with a reduced Pt amount, or non-precious metal
catalysts to reduce the costs of the electrode materials. [3, 4].

20.2.1.1 Mechanism of HER

HER is a multi-step electrochemical process on the electrode surface to obtain elec-
trons to generate H2, which involves three major steps [5]. As shown in Fig. 20.1, the
Volmer reaction is a necessary step for HER. It is generally assumed that the HER
process must include an H*-generating process (Volmer reaction) and at least one
desorption process (Heyrovsky or Tafel reaction). Therefore, the Volmer–Heyrovsky
or Volmer–Tafel processes are the two main reaction mechanisms in the process of
hydrogen production from water electrolysis. With minimal external potential, the
proton or water molecules in the acidic medium are reduced to hydrogen molecules
(H2) on the electrode surface. This reaction includes the adsorption and desorption
of intermediates and the diffusion of reactants and products at the interface of gas,
solid and liquid.

i. Electrochemical hydrogen adsorption (Volmer reaction)

Proton and electron reactions generate adsorbed hydrogen atoms (H*) on the elec-
trode material surface (M). Under acidic and alkaline conditions, the proton sources

Fig. 20.1 Mechanism of hydrogen evolution on the surface of an electrode in acidic (left) and
alkaline (right) solutions. Reproduced with permission from Ref. [5]. Copyright 2019 American
Chemical Society
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are H3O+ and H2O, respectively. If the adsorption of H3O+ or H2O on the cata-
lyst surface is too weak, the Volmer step will be the rate-determining step (RDS),
resulting in a Tafel slope of ≈ 120 mV dec−1 (25 °C).

H3O
+ + M + e− � M − H∗ + H2O(Acidic medium)

H2O + M + e− � M − H∗ + OH−(Alkaline medium)

ii. Electrochemical desorption (Heyrovsky reaction)

It requires additional protons to diffuse to M–H* and then react with the second
electron to form H2. When the adsorption of H* is too strong on the catalyst surface,
the overall reaction kinetics will be controlled by the desorption of hydrogen. If the
concentration of the intermediate M–H* is very low at the surface, the Tafel slope is
approximately 40 mV dec−1 (25 °C).

H+ + M − H∗ + e− � M + H2(Acidic medium)

H2O + M − H∗ + e− � M + H2 + OH−(Alkaline medium)

iii. Chemical desorption (Tafel reaction)

A high concentration of H* atoms adsorbed on the catalyst surface allows them to
combine directly, resulting in the generation of molecular hydrogen which is then
released from the surface. The Tafel slope is approximately 30 mV dec−1 (25 °C).

2M − H∗ � 2M + H2(Both acidic and alkaline medium)

HER is due to the breaking of the O–H bond and the formation of the H–H bond.
Therefore, determining which step is the rate-determining step is mainly based on
the Tafel slope.

20.2.1.2 Core–Shell Functional Materials for HER

Noble Metal-Based Core–Shell HER Catalyst

Platinum group metals (PGM, including Pt, Pd, Ru, Ir and Rh) are located near the
top of the volcanic plot and are good HER catalysts. Amongst them, Pt is often used
as a benchmark to measure other catalysts, but its scarcity and high cost limits its
application. Therefore, by reducing the amount of precious metal used, changing
the thickness of its atomic layer, or combining with other non-precious metal mate-
rials to form a core–shell structure, the electrochemical activity can be improved.
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For example, Li et al. [6] used a simple pyrolysis treatment to anchor ultrafine Ru
nanoclusters on the surface of the electrocatalyst of tungsten oxynitride (WNO)
nanowires, and coat them with nitrogen-doped carbon materials. The resulting core–
shell catalyst, denoted as Ru/WNO@C, has an excellent HER performance with a
Ru mass load of 3.37%, a current density of 10 mA cm−2 obtained at the overpo-
tential of only 2 mV, and the Tafel slope is 33 mV dec−1. When the overpotential is
50 mV, the mass-specific activity of Ru/WNO@C is 4095.6 mA mg−1, and it also
shows long-term stability for 100 h and nearly 100% faradaic efficiency. Wang et al.
[7] synthesised octahedral nanocages (c-PtPd MTONs) with crystalline PtPd meso-
porous truncated (c-PtPd MTONs) as the core and amorphous NiB (a-NiB), through
three steps by wet chemical reduction, acid etching and epitaxial assembly, resulting
in the construction of a new crystal PtPd@ amorphous NiB core–shell heterostruc-
ture (c-PtPd@a-NiB CSHs). This hybridisation leads to an increase of catalytically
active sites, the adjustment of the surface electronic structure and the enhancement
of hydrophilicity. It shows enhanced electrocatalytic activity for HER in 1.0 MKOH
with a required overpotential of 31 mV (10 mA cm−2) and a Tafel slope of 40.9 mV
dec−1. Choi et al. [8] first synthesised nano-scale Pd and β-PdH octahedrons as
substrates, and prepared Pd@Pt and PdH@Pt core–shell octahedra by conformal
deposition of Pt (111) shells. Due to the difference in lattice spacing between Pd
and β-PdH and Pt (111), the thickness of the platinum shell can be adjusted from
1 to 5 atomic layers by changing the number of platinum precursors added during
the synthesis process. In alkaline electrolytes, the HER activity is enhanced by the
construction of the core–shell structure, or by increasing the number of Pt shells.

Transition Metal-Based Core–Shell HER Catalyst

The strain, the lattice distortion, electronic structure and the morphological changes
induced by the core–shell structure could bring a significant improvement with the
HER activity. Fu et al. [9] constructed a Ni3N-NiMoN core–shell structure on a
carbon cloth (CC) Ni-Mo-O precursor after two steps of hydrothermal and calci-
nation. The Ni3N-NiMoN core–shell catalyst achieved an overpotential of 31 mV
of 10 mA cm−2 towards HER, which is similar to that of the Pt catalyst. Lee et al.
[10] prepared the CoSx@Cu2MoS4-MoS2/NSG core–shell catalyst by ultrasonica-
tion, reflow and a two-step heat treatment. The reasonable combination of a highly
active core–shell CoSx@Cu2MoS4 and large-area, the high-porosity MoS2/NSG
produces unique physical and chemical properties with multiple integrated active
centres and synergistic effects. At a current density of 10 mA cm−2, the overpoten-
tial of CoSx@Cu2MoS4-MoS2/NSG is 118.1 mV at 0.1MKOH, which is lower than
those of NSG (321mV),MoS2/NSG (282.7 mV), Cu2MoS4-MoS2/NSG (238.1 mV)
and CoSx-MoS2/NSG (182.5 mV). Guo et al. [11] adjusted the tensile surface strain
on the Co9S8/MoS2 core/shell nanocrystals to increase the hydrogen release reac-
tion (HER) activity by controlling the number of MoS2 shells. It was found that
the tensile surface strain of Co9S8/MoS2 core–shell nanocrystals can be adjusted by
changing the number of MoS2 shell layers from 5 to 1. Amongst them, the strained



308 J. Fan et al.

Fig. 20.2 a HRTEM images of Fe@FeP/CNT, b Enlarged image of the box area in panel a, c HER
polarisation curves of the Fe@FeP/CNT catalyst compared with the hollow FeP/CNT, the solid
FeP/CNT and a commercial Pt/C catalyst in 0.5 M H2SO4 at a scan rate of 5 mV s−1. Reproduced
with permission from Ref. [12]. Copyright 2017 American Chemical Society. HRTEM images
(d) and (e) of an individual CoO@Co nanoparticle. Reproduced with permission from Ref. [13].
Copyright 2017 American Chemical Society

Co9S8/1L MoS2 (3.5%) showed the best HER performance with an overpotential
of only 97 mV (10 mA cm−2) and a Tafel slope of 71 mV dec−1. In addition, DFT
calculations showed that the Co9S8/1L MoS2 core/shell nanostructure produced the
lowest hydrogen adsorption energy (�EH) of 1.03 eV, with a transition state energy
barrier (�E2H*) of 0.29 eV (MoS2, �EH = 0.86 eV, �E2H* = 0.49 eV), which is the
key to enhancing the HER activity by stabilising HER intermediates and capturing
H ions.

Carbon-Based Core–Shell HER Catalyst

Incorporating with carbon-based materials including carbon nanotubes, graphene,
carbon nanofibres, etc. can provide a unique three-dimensional network structure
which can maximise the exposure of the active sites. In the meantime, the carbon-
basedmaterials also can improve the electroconductivity of the HER catalyst system,
even as direct current collectors. Wang et al. [12] designed and synthesised Fe-
FeP core–shell nanoparticles on carbon nanotubes (CNT) (Fig. 20.2a, b). The Fe-
FeP/CNT materials showed excellent catalytic activity for HER, and the catalytic
current density of 10–100 mA cm−2 could be achieved at the overpotential of only
53–110 mV. Kalyan et al. [13] successfully synthesised MoSe2-amorphous carbon
nanotubes (aCNT) layered core–shell nanostructures, through a simple solvothermal
method,which exhibited excellent electrocatalyticHERactivity in acidicmedia,with
a potential of−64mVand aTafel slope of 49mVdec−1. This is ascribed to the defects
on the carbon network that promote the growth of MoSe2 nanostructures on the
aCNT’s wall, thereby preventing the reuniting of MoSe2 nanochips, while the active
edges of the MoSe2 nanostructures are exposed on the aCNT’s amorphous walls,
with low free energy barriers, which promotes the charge transfer to the Se atoms,
making the Se atoms the active host of the HER reaction. Thus, the electrocatalytic
performance of HER can be improved. Wang et al. [14] used a combination of the
rapid microwave-polyol method and vacuum heat treatment to prepare new core–
shell structure CoO@Co nanoparticles immobilised on N-doped reduced graphene
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oxide (CoO@Co/N-rGO) (Fig. 20.2d, e). After doping with N atoms, the hybrid had
a large number of N donors and Co-N complexes as catalytically active sites. The
catalyst exhibited significantly enhanced catalytic activity and excellent stability for
HER. Under the conditions of 0.5 M H2SO4 and 0.1 M KOH, the overpotential at a
current density of 10 mA cm−2 was 140 and 237 mV, respectively. Fang et al. [15]
synthesised nano-Co nanoparticles by thermally induced reduction and carbonisation
of the graphene oxide-coated core–shell bimetallic zeolite imidazole framework.
These nanoparticles were wrapped in nitrogen-doped carbon nanotubes (N-CNTs)
and grafted on both sides of the reduced graphene oxide (Co@N-CNTs@rGO).
GO can be used as a matrix to adsorb CNTs, ensuring sufficient growth space for
CNTs and avoiding particle and/or carbon accumulation at high temperature. Due
to the uniform distribution of Co nanoparticles and the high graphitisation of N-
CNTs@rGO with a large surface area and rich porosity, the Co@N-CNTs@rGO
composite exhibited excellent electrocatalytic HER activity with an overpotential of
~108 and 87 mV in 1 M KOH and 0.5 M H2SO4, respectively, at a current density
of 10 mA cm−2.

20.2.2 Oxygen Evolution Reaction (OER)

The development of clean renewable energy is an inevitable choice for human society
to achieve sustainable development [16]. OER plays a key role in many new energy
technologies, especially in the field of alkaline water electrolysis (Fig. 20.3) [17].
However, OER is a four-electron-proton coupling reaction with slow kinetics, which
is considered to be a major obstacle for high-efficiency water electrolysis. The use of
high-efficiency catalysts can effectively reduce the overpotential ofOERand improve
the energy conversion efficiency in the electrolysis process [18–20].

Fig. 20.3 Schematic
illustration of electrocatalytic
water splitting
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20.2.2.1 Mechanism of OER

In general, the water-splitting reaction shown in formula (1) is a non-spontaneous
reaction and requires higher energy to overcome the reaction energy barrier. As a key
half-reaction of water splitting, OER has different reaction processes under different
pH values. Under acidic and alkaline conditions, the half-reaction equations are
shown in formula (2) and formula (3), respectively. Due to the strong corrosiveness
and high reaction potential under acidic conditions, OER is usually carried out under
alkaline conditions. Therefore, alkaline water electrolysis technology is relatively
mature and is favoured by the industry.

2H2O → 2H2 + O2 (1)

2H2O(l) → O2(g) + 4H+ + 4e− (2)

4OH− → 2H2 + 2H2O(l) + 4e− (3)

At present, many scientific researchers have conducted a large number of related
studies on the mechanism of OER under alkaline conditions. Although no unified
understanding has been obtained, most of the mechanisms include transition metal
element M and two important intermediate products M·OH and M·O. Possible
reaction pathways are shown in formulas (4)–(8) [21].

M + OH− → M · OH + e− (4)

M · OH + OH− → M · O + H2O(l) + e− (5)

2M · O → 2M + O2(g) (6)

M · O + OH− → M · OOH + e− (7)

M · OOH + OH− → M + O2(g) + H2O(l) + e− (8)

20.2.2.2 Core–Shell Functional Materials for OER

The OER electrocatalyst needs to maintain the activity and stability of the electro-
catalyst. More active sites exposure and the fast diffusion of electrons/ions between
the electrode/electrolyte interfaces are of crucial importance for OER catalysts [22].
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Fig. 20.4 TEM and particle size distribution histograms of Ir (a), Ru (b), and Pt (c) nanoparticle
supported on Vulcan XC 72R. Reproduced with permission from Ref. [23] Copyright © 2012,
American Chemical Society

Noble-Metal-Based Core–Shell OER Catalyst

Ru is the most active metal for OER catalysis, but Ru nanoparticles typically lose
this high activity completely within 5 cycles [23]. By forming core–shell nanopar-
ticles, the high activity of Ru is retained. The core–shell structure can maximise
the exposure of the active Ru on the surface of the nanoparticles to achieve high
activity, while the thin shell (<2 nm) allows the surface Ru atoms to interact with the
stable core to improve stability, as shown in Fig. 20.4, Tilley et al. [24] presented a
synthesis for Pd–Ru core–shell nanoparticleswith tuneable shell thicknesses between
0.3 and 1.2 nm. The Pd core stabilises the Ru shell to increase the stability by up to
10×, while still maintaining the high current densities of pure Ru nanoparticles. The
results show that the activity and stability of the nanoparticles are highly dependent
on the nanoparticle shell thickness. Catalysts with thin Ru shells and full coverage
of the Pd core are of vital importance to increase the activity and stability.

Non-precious Metal-Based Core–Shell OER Catalyst

At present, it is still a challenge to assemble low-dimensional nanomaterials on
mesoscopic or microstructures to achieve high-performance hierarchical electro-
catalysts. Shao et al. [25] reported a hierarchical electrocatalyst based on carbon
microtube@nanotube core–shell nanostructure (CMT@CNT) with superior elec-
trocatalytic activity towards ORR and OER, with a small potential gap of 0.678 V.
Remarkably, when being employed as an air–cathode in a zinc-air battery (ZAB), the
CMT@CNT presented an excellent performance with a high power density (160.6
mW cm−2), specific capacity (781.7 mAh g−1

Zn ), as well as long cycle stability (117 h,
351 cycles). Wang et al. [26] prepared a new type of 3D self-supporting porous
NiO@NiMoO4 core–shell nanosheets by growing on nickel foam using a convenient
stepwise hydrothermal method (Fig. 20.5). Ultrathin NiO nanosheets on the nickel
foam, cross-linked to each other, are used as the core, and tiny NiMoO4 nanosheets
are further engineered to be immobilised uniformly on the NiO nanosheets to form
the shell. This step-by-step construction of the architecture, composed of ultrathin
primary and secondary nanosheets, efficiently avoids the agglomeration problems of
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Fig. 20.5 Schematic diagram of the production for NiO@NiMoO4 Nanosheets. Reproduced with
permission from Ref. [26] Copyright © 2019, American Chemical Society

Fig. 20.6 Method for manufacturing core–shell OER catalyst [28] Copyright © 2020 Elsevier Ltd

individual ultrathin nanosheets. The ingenious architecture possesses the advantages
of numerous diffusion channels for electrolyte ions, ideal pathways for electrons,
and a large interfacial area for electrochemical reaction. The introduction of the
NiMoO4 secondary nanosheets on the NiO primary nanosheets not only endows the
heterostructure with high electrical conductivity and a large active area, but also
promotes an increase in the oxygen vacancy content which favours the improvement
of the electrocatalytic properties for the oxygen evolution reaction. The Tafel plot
for the NiO@NiMoO4 core–shell architecture is as low as 32 mV dec−1, and the
overpotential needed to reach a current density of 10 mA·cm−2 for NiO@NiMoO4

nanosheets, is only 0.28 V.
Yu et al. [27] induced the formation of MIL-88b nanorods from an amorphous

2-methylimidazole solution using the Fe-based crystalline organic framework with
nanorods as the startingmaterial. aMOF-NCwas obtained by addingCo2+ to the reac-
tion solution, including an iron-rich Fe Co-aMOF core, cobalt-rich Fe-Co-aMOFs
nanorods, and amorphousCo(OH)2 nanosheets as the outer layer. Benefiting from the
structural and compositional heterogeneity, the aMOF-NC demonstrates an excellent
OER activity with a low overpotential of 249 mV at a current density of 10.0 mA
cm−2 and a Tafel slope of 39.5 mV dec−1. Interestingly, as illustrated in Fig. 20.6,
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Dong et al. [28] designed a Fe-CoP cage by a hydrothermal method through using
the Fe-PBA cage as a precursor (Fig. 20.6). The centre of each face of the Fe-CoP
cage has an opening, which exposes more active parts of the OER.

Wong et al. [29] prepared a dimensional open-cell multi-metal
Cu(OH)2@CoNiCH core–shell nanotubes, with foamed copper as the carrier,
through a simple, easy-to-control, and highly controllable two-step method, and
used them as an effective OER electrocatalyst. At room temperature, large-sized
tubular Cu(OH)2 arrays were directly grown on the copper foam, and high-porosity
nano-spines were grown on the walls of these Cu(OH)2 NTs by a low-temperature
hydrothermal method, which simplifies the manufacturing process and reduces
the inherent resistance of the electrode. This unique 3D layered core–shell
structure with a hollow tubular Cu(OH)2 core and porous CoNiCH nano-spine
shell provides a large number of active sites, abundant defects, a large specific
surface area, and fast electron transport, thus enhancing the electrocatalytic perfor-
mance and the durability of its OER. Dai et al. [30] reported the nitride-core,
oxide-shell-armour structured FeCoNi oxynitride as an efficient oxygen evolution
electrocatalyst, with a homogeneous nitride (Fe0.70Co0.56Ni0.92N1.0O0.06) core and
oxide (Fe0.48Co0.1Ni0.21N0.05O1.0) shell. The catalyst demonstrated an excellent
activity for the oxygen evolution reaction with a current density of 10 mA cm−1

at a low overpotential of 0.291 V in alkaline media (1 M KOH), which is superior
to the activities of commercial IrO2, RuO2, and Pt/C catalysts, and comparable to
the state-of-the-art catalysts (e.g. NiFe-LDH, NiCo2O4, O-NiCoFe-LDH). Density
functional theory (DFT) simulations suggested that the incorporation of multiple
metal elements can indeed improve the reaction energetics with a synergistic effect
from the core–shell structure. This unique structure of nitride-core with oxide-shell
presents a new form of multimetallic oxynitride with an effective performance in
electrolytic oxygen evolution.

Lu et al. [31] used a two-step electrochemical strategy to produce core–shell
nanosphereswith high activityOER electrocatalyst. NiFexSn alloy nanosphereswere
prepared by a simple and rapid electrodeposition method. The surface was electro-
oxidised to generate a NiFe (hydroxyl) hydroxide amorphous shell, thus forming a
core–shell structure. The metal core of NiFexSn helps electrons transfer to the shell
of the amorphous NiFe (oxygen) hydroxide, which in turn prevents further oxidation
of the metal core. The selective electrochemical etching of tin in alkaline solution
produces a large surface area which can expose a large number of active sites and is
beneficial to the diffusion and transport of substances.

20.2.3 Oxygen Reduction Reaction (ORR)

The energy and environmental crisis caused by the excessive consumption of fossil
fuels and large amounts of pollution has stimulated scientists to seek new envi-
ronmentally friendly energy, energy storage and conversion systems, including fuel
cells and metal-air batteries, etc. ORR is an important part of energy conversion;
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however, the slow kinetics greatly limits its development. Therefore, it is very impor-
tant to develop ORR-based catalysts with high electrochemical activity and stability
to accelerate the catalytic process. In recent years, the vigorous development of core–
shell-structured catalysts initially meets the requirements. The core–shell structure
not only ensures themaximum exposure of active sites, but also enhances its stability,
thereby greatly improving the catalytic efficiency of ORR. Various core–shell elec-
trocatalysts with advanced nanostructures have been developed and show excellent
ORR activity and stability, and further exhibit great potential in proton exchange
membrane (PEM) fuel cell applications. Herein, the latest research progress of core–
shell electrocatalysts toward ORR are summarised, including the basic mechanism
of catalytic reaction, different synthesis methods, and various strategies developed
by researchers for the core–shell structure.

20.2.3.1 Mechanism of ORR

ORR is a multi-electron reaction involving a multi-step basic reaction and different
intermediate products (Fig. 20.7). There are two main reaction pathways, direct
reaction and indirect reaction. The direct reaction way is to produce H2O directly
through a 4-electron reaction. In the indirect reaction, H2O2 may continue to undergo
2-electron reactions to produce H2O, which may be directly precipitated out of
the solution to produce H2O2. The intermediate product is unstable and so can be
decomposed into O2 by a reversible reaction and participate in the reduction reaction
again.

In an ideal fuel cell, oxygen is completely reduced, and the output voltage is
high. This is a 4-electron reaction path, but the reduction potential of the 4-electron
reaction is higher than that of the 2-electron reaction, and the dissociation energy of
the O–O bond in O2 is larger than that in H2O2. Therefore, when the catalytic activity

Fig. 20.7 The mechanism and reaction pathway of ORR
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Fig. 20.8 Schematic
illustration to show the
synthesis of core–shell
Au@Pd-I nanoparticle.
Reproduced with permission
from Ref. [33] Copyright ©
2015, Springer Nature

is not very strong, the 2-electron reaction or a mixed reaction of 2-electron and 4-
electron may occur. H2O2 will damage the catalyst and proton exchange membrane
and accelerate the ageing of the catalyst and proton exchange membrane. Therefore,
the 4-electron reaction is an ideal way for oxygen reduction [32].

20.2.3.2 Core–Shell Catalyst for ORR

Noble Metal-Based Core–Shell ORR Electrocatalyst

The core–shell structure strategy has been widely used to balance the activity and
stability while reducing the cost. There are two kinds of noblemetal-based core–shell
ORR electrocatalysts: noble metal@noble metal and non-noble metal@noble metal
core-shell catalysts.

i. Noble metal@noble metal core–shell catalyst

The lattice strain induced by the unique core–shell structure could bring an improve-
ment in catalytic performances. Yang et al. [33] prepared bimetallic Au@Pd core–
shell nanoparticles and investigated their electrocatalytic properties towards ORR.
They used the core–shell Au@Ag/Pd nanoparticles with an Au core and an alloy
Ag/Pd shell as an intermediate template. As shown in Fig. 20.8, the core–shell
Au@Ag nanoparticles with an Au core and an Ag shell were firstly prepared by
reducing the Ag+ precursors in the presence of pre-synthesised Au seed particles in
oleylamine. Then, the pure Ag shells were converted into the shells made of Ag/Pd
alloy by a galvanic replacement reaction between the Ag shells and Pd2+ precursors.
Subsequently, the core–shell Au@Ag/Pd nanoparticles were agitated with a satu-
rated aqueous NaCl solution for the removal of the Ag component from the Ag/Pd
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alloy shells, leading to the formation of Au@Pd core–shell nanoparticles. The as-
prepared core–shell Au@Pd nanoparticles have a superior activity and durability
towards ORR, which are higher than those of the core–shell Au@Pd nanoparticles
produced by directly depositing a Pd shell on the Au seeds, and the commercial Pd/C
catalysts from JohnsonMatthey (JM). In addition to theAu core, theAg removal from
the alloy shell may induce additional lattice strain on the remaining Pd shell. The
sufficient lattice strain imposed by the Au core and Ag removal, which could tailor
the d-band centre of the Pd shell, may account for the enhanced ORR performance of
the core–shell Au@Pd nanoparticles. Aoki et al. [34] synthesised a carbon-supported
Pd core Pt shell structure catalyst (Pt/Pd/C) through the direct displacement reaction
(DDR) inwhich the Pd core nanoparticles (NPS) and [PtCl4]2− were directly replaced
with Cu, at 70 °C in N2 saturated H2SO4 aqueous solution, instead of using the modi-
fied copper under potential deposition (Cu-UPD)/Pt replacement method. In DDR,
comparedwith the Cu shell and [PtCl4]2− in the Cu-UPD/Pt replacement method, the
potential difference between the PD core and [PtCl4]2− was reduced, which inhib-
ited the formation of the heterogeneous Pt shell, and increased the coverage of the Pt
shell, and enhanced the activity of ORR. Cui et al. [35] designed and implemented a
simple strategy to control the surface evolution of Pd@ Pt core–shell nanostructures
by simply adjusting the amount of OH- to control the reduction ability of ascorbic
acid, and ultimately control the supersaturation in the reaction system. By increasing
the pH value, the surface structure of the Pd@Pt bimetallic nanocrystals changes
from an island shell with exposed Pt (111) facets to a conformal exposed Pt (100)
facet. The well-aligned Pd@Pt core island-shell nanocubes exhibited a significantly
enhanced electrocatalytic activity and good long-term stability for ORR in alkaline
media.

ii. Non-noble metal@noble metal core–shell catalysts

The core–shell structure catalyst constructed by the hybridisation of precious metals
and non-precious metals has been the focus of research in recent years. For example,
Pathak et al. [36] studied the potential applicability of cubic octahedral core–shell
(Ti19@Pt60) nanoclusters (NC) to ORR activity, and compared it with pure Pt NC
(Pt79). Compared with the cubic octahedron Pt NC (Pt79), the rate-determining step
(*O2 activation and *OH formation) of puremetals (Pt, Pd andAg) and alloys (Pt3M;
M = Ni, Co, Ti) is much higher than that of the Ti19@ Pt60 NC-based catalyst. The
detailed study showed that the structural change caused by *O2 is beneficial to the
direct *O2 dissociation on the Ti19@Pt60 NC surface (Fig. 20.9a). Petkov et al. [37]
reported the synthesis of an ORR catalyst with Mn core and Pt shell structure, and
it was proved that the introduction of 3d-metal core and 5d-metal platinum shell as
a flexible structural strategy was helpful for ORR reaction (Fig. 20.9b). Wang et al.
[38] developed a composite ORR catalyst composed of ordered intermetallic Pt alloy
nanoparticles attached to an N-doped carbon substrate, and atomically dispersed Fe–
N–C positions. It exhibited enhanced catalytic activity and durability. The catalyst
was prepared by depositing Pt nanoparticles on anN-doped carbonmatrixwith atom-
dispersed Fe–N–C, followed by heat treatment. The latter leads to the formation
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Fig. 20.9 a O2-induced structural changes on the surfaces of Pt79 and Ti19@Pt60 NC surface.
Reproduced with permission from ref 36 Copyright © 2016, American Chemical Society. b (First
row) 3Dmodel structures for pure fcc Pt and bcc-like Mn@fcc-like Pt NPs determined as described
in the text. (Second row) Cross sections of the respective structures. Pt atoms are in grey and Mn
atoms are in light brown. Reproduced with permission from Ref. [37] Copyright © 2020 Elsevier
B.V

of core–shell structured Pt alloy nanoparticles in which the ordered intermetallic
compoundPt3M (M=Fe andZn) is the core, and the Pt atoms are on the shell surface,
which is beneficial toORR activity and stability. The presence of Fe in the porous Fe–
N–Cmatrix not only providesmore active sites forORR, but also effectively enhances
the durability of the composite catalyst. Che et al. [39] developed Fe/Fe4N@Pd/C
(FFPC) nanocomposites that successfully synthesised yolk–shells in two easy steps:
interfacial polymerisation and an annealing treatment. The concentration of Pd2+ is
a key factor in the density of Pd nanoparticles (Pd NPs) embedded in the carbon
shell, and it plays a role in ORR and the surface enhanced Raman scattering (SERS)
properties. The best ORR performance shows that the onset potential and Tafel
slope can reach 0.937 V (relative to the reversible hydrogen electrode (RHE)) and
74 mV dec−1, respectively. This is due to good electrical conductivity and greater
electrochemical activity area, and strong interface charge polarisation. The interface
charge polarisation can promote the ORR of the Pd NPs and defective carbon at the
same time, and the shell with the low density PdNPs is easier to form strong interface
charge polarisation.

iii. Non-noble metal@noble metal core–shell catalysts

Non-noble metals used in OER catalysts include transition metal oxides, transition
metal nitrides, transition metal carbides, transition metal sulphides and phosphides.
On the one hand, the intrinsic activity can be improved through reasonable design to
make it comparable to commercial Pt/C; on the other hand, it must be stable under
acidic conditions. Based on the above two aspects, researchers have done a lot of
meaningful work. For example, Lu et al. [40] demonstrated a new catalyst structure
based on coupling non-precious metal Co3O4 nanocrystals to a nitrogen-doped core–
shell carbon nanotube-graphene nanoribbon (N-csCNT-GNR) scaffold. The stent
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was prepared by the microwave-assisted control of multi-walled carbon nanotubes
compressed upwards. Due to the synergistic interaction between Co3O4 and the N-
csCNT-GNR substrate, the prepared Co3O4/N-csCNT-GNR composite catalyst has
extremely high activity for both OER and ORR. Xiao et al. [41] synthesised core–
shell Co@Co3O4 nanoparticles embedded in bamboo-like N-doped carbon tubes
(BNCNT) by a simple method. The degree of the ORR catalytic activity of the
Co@Co3O4/BNCNT composites and the oxidation of the Co nanoparticles is closely
related to the N content in BNCNT. When oxidised at 300 °C, the N/C molar ratio
is about 1.6%. The composite catalyst also shows higher ORR catalytic activity
than the Co3O4/carbon nanotube (CNT) catalyst. The tolerance and cycle stability of
the composite catalyst to methanol molecules are even better than that of the high-
efficiency Pt/C catalyst. Ma et al. [42] used electrospun polyacrylonitrile (PAN),
melamine and ferric chloride hexahydrate (FeCl3·6H2O) composite nanofibres as
templates, and prepared polythiophene (PT) on the surface of electrospun nanofibers
by photo-polymerisation technology. Then, the core–shell nanofibres were pyrol-
ysed and converted into Fe-S/NC nanofibres. This provides a convenient way due
to its metal and S/N-doped structure and unique 1D structure, so it can be used as
an ORR catalyst with efficient mass transportation and charge transfer. Oh et al.
[43] reported on the process of producing highly active carbon-based ORR catalysts
from a carefully designed core–shell mixedmetal-organic framework (MOF). Cobalt
and nitrogen-doped porous carbon leaves (Co, N-PCLs) were designed through the
leaf-shaped core–shell hybridMOF (ZIF-L@ZIF-67). ZIF (zeolite imidazole frame-
work) is a subclass of MOF. It contains two different metal ions (Zn2+ in the core
and Co2+ in the shell) and sufficient nitrogen source, and has a thin flat morphology.
They have the ideal structure and composition characteristics of ORR, such as many
carbon nanotubes (CNT), a large amount of Co and N doping, large surface area and
a high pore volume, while maintaining a favourable thin blade shape. Due to this
unique structure and compositional characteristics, the ORR activity of Co, N-PCLs
is better than the congeners prepared from the parent material (ZIF-L or ZIF-67).
In addition, compared with the commercially available Pt/C materials, Co, N-PCL
shows even better electrochemical stability and better methanol tolerance. Jiang et al.
[44, 45] developed a new type of bifunctional oxygen catalyst by embedding ultra-
fine NiFeO nanoparticles (NPs) in a porous amorphous MnOx layer in which NiFeO
nuclei contribute to the oxygen release reaction (OER). The active MnOx shell layer
is the active phase of the ORR, promoted by the synergy between the NiFeO core and
the MnOx shell layer. The synergistic effect is related to withdrawing the electrons
of the NiFeO core from the MnOx shell, which reduces the affinity and adsorption
energy of oxygen on theMnOx shell, and significantly improves the kinetics of ORR.

20.2.4 Nitrogen Reduction Reaction (NRR)

As one of the most important basic raw materials, ammonia is widely used in the
industrial manufacturing of fertilizers, nitric acid, synthetic fibres and drugs. Owing
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to its high energy density, it is also used as a carrier of clean energy [45–47]. The
raw material for synthetic ammonia is the abundant nitrogen in the atmosphere,
and research on it has aroused the interest of scientists all over the world. Until
now, industrial ammonia still mainly uses the Haber–Bosch (H-B) process, which
must be carried out under high temperature and high-pressure conditions [48, 49].
The hydrogen energy consumed accounts for 1–2% of the world’s energy, and the
CO2 produced annually also reaches 300–400 million metric tonnes [50, 51]. This
consumes huge resources of the earth and also causes environmental pollution.
In order to solve this problem, researchers are looking for a method of ammonia
synthesis that consumes less energy and is environmentally friendly. Electrocat-
alytic NRR is of interest to researchers and has been widely studied because it can
synthesise ammonia with low energy consumption and environmental friendliness
under ambient conditions. At present, the catalysts in NRR are mainly divided into
nanoparticles, quantum dots, nanorods, nanobelts, nanosheets, hollow structures and
core–shell structures, etc. [52–54].

The core–shell structure of the catalyst has a highly exposed active surface,
which can achieve synergy involving multiple sites on the core and shell and
enhance the long-term durability of corrosive electrolytes by reasonably changing
the electronic/chemical configuration of the interface sites [55, 56].

20.2.4.1 Mechanism of NRR

Regarding theNRR responsemechanism, after years of debate, it has been constantly
evolving. At present, it is mainly divided into two types: dissociation and association
mechanisms (Table 20.1) [57, 58]. In the dissociation path, the N ≡ N bond is
directly broken and two independent N atoms are adsorbed on the surface of the
catalyst, which are then hydrogenated. Since the bond energy of the nitrogen-nitrogen
bond is very high (941 kJ mol−1), this mechanism usually requires harsh conditions
(high temperature, high pressure and high-efficiency catalyst), which only usually
occur in the H-B process [59, 60]. As for the association mechanism, the step of
adding the H atom to the N atom is completed before the N ≡ N bond is broken.
According to different hydrogenation sequences, the association mechanism can be
further divided into remote pathways and alternative pathways. In the distal path,
the distal N atoms away from the adsorption site first continuously acquire H to
form NH3. After releasing the first NH3, another N atom begins the hydrogenation
process. In an alternative path, the H atom is alternately bonded to two N atoms. At
the end of the reaction, two NH3 molecules are released. In all three ways, only one
N atom in the nitrogen molecule is adsorbed on the active site, that is, the end-to-end
configuration. The other path is enzymatic catalysis, which also involves alternating
hydrogenation processes, but both N atoms are adsorbed on the active site to form a
side configuration. The conversion from nitrogen to ammonia undergoes multi-step
proton-electron transfer, and different intermediates are produced in each reaction
path [61–63]. Considering that NRR involves a variety of intermediates, theoretical
calculations are usually used to analyse the reaction process in detail. For example,
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Table 20.1 Mechanisms of
the electrocatalytic NRR

Mechanism Elementary reaction steps

Dissociative pathway N2 + 2* → 2*N

2*N + 2e− + 2H+ → 2*NH

2*NH + 2e− + 2H+ → 2*NH2

2*NH2 + 2e− + 2H* → 2NH3
+ 2*

Associative distal pathway N2 + * → *N2

*N2 + e− + H+ → *NNH
*NNH + e− + H+ → *NNH2

*NNH2 + e− + H+ → *N +
NH3

*N + e− + H+ → *NH
*NH + e− + H+ → *NH2

*NH2 + e− + H+ → NH3 + *

Associative alternating
pathway

N2 + * → *N2

*N2 + e− + H+ → *NNH
*NNH + e− + H+ → *NNNH
*NHNH + e− + H+ →
*NHNH2

*NHNH2 + e− + H+ →
*NH2NH2

*NH2NH2 + e− + H+ → *NH2
+ NH3

*NH2 + e− + H+ → NH3 + *

* Denotes an adsorption site on catalyst surface

Nørskov’s group performed density functional theory (DFT) calculations to estimate
the free energy of intermediates in NRR [64, 65]. They confirmed that the multiple
reaction steps of NRR are not isolated from each other, but mutually restricted, and
there is a linear proportional relationship between each intermediate step, so only one
N* combination descriptor can be used to show the energy of catalytic performance
[47].

20.2.4.2 Core–Shell-Structured Electrocatalysts for NRR

Au-Based Core–Shell-Structured NRR Electrocatalysts

As a noble metal, Au has the advantages of high activity and high stability, and is one
of the most efficient NRR catalysts. By constructing a core–shell-structured catalyst,
defects are generated and the active sites of the catalyst are increased, which can
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Fig. 20.10 (A-a Schematic illustration of the fabrication process of Au@C for the electrocatalytic
NRR. A-b Dependence of NH3 yield rates and faradaic efficiency of Au@C on applied potential
in a N2-saturated 0.1 M Na2SO4 electrolyte with an NRR measurement time of 1 h. A-c NRR
performance comparison of Au@C and Au-NS at −0.45 V (vs RHE). Reproduced with permission
from Ref. [66] Copyright 2019, American Chemical Society. Morphology and structure character-
isation of Au@A-SnO2NPs and Au@C-SnO2NPs. TEM images and models (B-a, B-d), HRTEM
images (B-b, B-e), HAADF-STEM images (B-c, B-f) and EDS elemental mappings of Au@A-
SnO2NPs (B-a)–(B-c) and Au@C-SnO2NPs (B-d)–(B-f). EDS spectra (B-g) and XRD patterns
(h) of Au@A-SnO2NPs and Au@C-SnO2NPs. (B-i) Schematic illustration for enhanced ENR on
Au@A-SnO2NPs/C catalyst. Reproduced with permission fromRef. [68]. Copyright 2019, Science
China Press

improve the performance of NRR. Zhang et al. [66] reported the synthesis of a core–
shell-structuredAu@Ccomposite through a simple one-step laser ablation technique
(Fig. 20.10a). The results demonstrate that the Au@C with a mean nanosphere size
of ~8.0 nm is composed of a spherical-shaped Au core and a 1–2 layered graphitic
carbon shell with abundant defects. As a nitrogen reduction reaction (NRR) elec-
trocatalyst, the Au@C gives a large NH3 yield rate of 241.9 μg h−1mg−1

cat. with a
high faradaic efficiency of 40.5% at −0.45 V, versus a reversible hydrogen elec-
trode (RHE) in a 0.1 M Na2SO4 electrolyte (pH = 6.3) under ambient conditions,
surpassing the performances of most aqueous-based NRR electrocatalysts recently



322 J. Fan et al.

reported. The 15N labelling experimental results demonstrate that the produced NH3

is undoubtedly originated from the NRR process catalysed by Au@C. The supe-
rior NRR performance of Au@C can be ascribed to the ultrathin carbon layer,
effectively inhibiting the aggregation of Au nanospheres during the NRR, and the
abundant defects such as carbon vacancies, which exist in the ultrathin carbon
layer, providing additional NRR catalytic active sites. Zhang et al. [67] reported
a room-temperature spontaneous redox approach to fabricate a core–shell-structured
Au@CeO2 composite for the NRR, with Au nanoparticle sizes below about 10 nm,
and a loading amount of 3.6 wt%. The results demonstrate that the as-synthesised
Au@CeO2 possesses a surface area of 40.7 m2g−1 and a porous structure. As an elec-
trocatalyst, it exhibits high NRR activity, with an NH3 yield rate of 28.2μgh−1 cm−2

(10.6μgh−1 mg−1
cat., 293.8μgh−1 mg−1

Au) and a faradaic efficiency of 9.50% at−0.4 V
versus RHE in a 0.01 M H2SO4 electrolyte. The characterisation results reveal the
presence of rich oxygen vacancies in the CeO2 nanoparticle shell of Au@CeO2; these
are favourable for N2 adsorption and activation for the NRR. The abundant oxygen
vacancies in the CeO2 nanoparticle shell, combined with the Au nanoparticle core
of Au@CeO2, are electrocatalytically active sites for the NRR, and thus, synergisti-
cally enhance the conversion of N2 into NH3. Huang et al. [68] reported an efficient
strategy to facilitate N2 adsorption and activation for N2 electroreduction into NH3

by vacancy engineering of core@shell-structured Au@SnO2 nanoparticles (NPs).
They found that the ultrathin amorphous SnO2 shell with enriched oxygen vacancies
was conducive to adsorb N2 as well as promote the N2 activation, meanwhile the
metallic Au core ensured the good electrical conductivity for accelerating electrons
transport during the ENRR, synergistically boosting the N2 electroreduction catal-
ysis (Fig. 20.10b). As confirmed by the 15N-labelling and controlled experiments,
the core@shell Au@amorphous SnO2 NPs with abundant oxygen vacancies show
the best performance for N2 electroreduction with an NH3 yield rate of 21.9 μgh−1

mg−1
cat. and a faradaic efficiency of 15.2% at −0.2 V versus RHE, which surpasses

the Au@crystalline SnO2 NPs for NRR. The heterojunction between gold and the
core–shell catalyst weakens the hydrogen adsorption of the catalyst and inhibits the
HER reaction, thereby improving the NRR performance. Du et al. [69] reported the
design and preparation of a core–shell nanostructured NPG@ZIF-8 composite for
high-efficiency NRR electrocatalysis under ambient conditions. The high catalytic
activity of the nanoporous gold (NPG) and the hydrophobicity andmolecular concen-
trating effect of the zeolitic imidazolate framework-8 (ZIF-8)were incorporated in the
NPG@ZIF-8 nanocomposite so that the ZIF-8 shell could weaken hydrogen evolu-
tion and retard reactant diffusion. A highest faradaic efficiency of 44% and an excel-
lent rate of ammonia production of (28.7 ± 0.9) mgh−1 cm−2 were achieved, which
are superior to traditional gold nanoparticles and NPG. Moreover, the composite
catalyst shows high electrochemical stability and selectivity (98%). Ling et al. [70]
reported the synthesis of Pt/Au@ZIF by a layer-by-layer overgrowth method of ZIF
on the Pt/Au electrode. They electronicallymodified the Pt/Au electrocatalyst d-band
structure using a zeolitic-imidazole framework (ZIF) to achieve a faradaic efficiency
(FE) of >44% with a high ammonia yield rate of >161 μg mg−1

cat. h
−1 at ambient

conditions. Their strategy lowers the electrocatalyst d-band position to weaken H
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adsorption and concurrently creates electron deficient sites to kinetically drive NRR
by promoting catalyst-N2 interaction. The ZIF coating on the electrocatalyst doubles
as a hydrophobic layer to suppressHER, further improving FE by >44-fold compared
to without ZIF (~1%).

Fe-Based Core–Shell-Structured NRR Electrocatalysts

Non-precious metal materials have certain catalytic activity, are low in price and
rich in content, so they are considered to be the best substitutes for precious metal
catalysts and have broad prospects in catalytic applications. Inspired by iron-based
nitrogenase, iron can be used as an NRR catalyst [71]. Through the catalytic activity
trend of a series ofmetal surfaces, the volcanic curve between the nitrogen adsorption
energy of different metal catalysts and the ammonia synthesis activity is observed. It
can be clearly seen that Fe is above the volcano map. This shows that an iron-based
catalyst can be used as an effective NRR catalyst [65].

Wang et al. [72] synthesised sandwich-like reduced graphene oxide/yolk–shell-
structured Fe@Fe3O4/carbonised paper. The electrocatalytic measurements show
that the as-obtained freestanding electrode exhibits high electrocatalytic activity
(NH3 yield rate of 1.3 × 10−10 mol cm−2s−1), excellent selectivity (faradaic effi-
ciency of 6.25%) and good stability, which are equivalent to (or even higher than)
those of previously reported noble metal-based catalysts under comparable reaction
conditions. The superior electrocatalytic performance of the rGO/Fe@Fe3O4/CP
freestanding cathode for electrochemical synthesis of ammonia is mainly attributed
to its unique sandwich-like nanoarchitecture with the middle yolk–shell-structured
Fe@Fe3O4 nanoparticles, and the synergistic effect between rGO and Fe@Fe3O4.
Inspiringly, Tan et al. [73] reported a bioinspired Fe3C@C composite as an efficient
electrocatalyst for nitrogen reduction. The Fe3C@C core–shell structure, as the real
active centre, contributes to selective electrocatalytic synthesis of ammonia from
nitrogen with a faradaic efficiency of 9.15% and production rate of 8.53μg/(h mgcat)
or 12.80 μg/(h cm2), at a low potential of −0.2 V versus RHE, which is comparable
with that of noble-metal-based catalyst. Qiu et al. [74] reported the performance
of electrocatalytic nitrogen reduction for the obtained α-Fe2O3 nanospindles coated
with mesoporous TiO2 with different crystallinity (denoted as α-Fe2O3@mTiO2-
X (X = 300, 400 and 500 °C)). The as-prepared α-Fe2O3@mTiO2-400 composite
exhibited a large NH3 yield (27.2 μg h−1 mg−1

cat.) at −0.5 V versus RHE, and a
high faradaic efficiency (13.3%) in 0.1 M Na2SO4, with excellent electrochemical
durability. Chen et al. [75] reported that NiFe–MoS2 nanocubes (NiFe@MoS2 NCs)
were successfully synthesised from the corresponding Prussian blue analogue self-
templating strategy. Owing to this four-pointed star face-dependent hollow struc-
ture and trimetallic synergistic interactions, it largely exposes abundant active sites,
making it present superb electrocatalytic performance for N2 conversion to NH3.
In 0.1 M Na2SO4 , this as-prepared Ni-Fe@MoS2 NCs exhibited a significant NH3

yield of 128.17 μg h−1 mg−1
cat. and a satisfactory faradaic efficiency of 11.34% at −
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Fig. 20.11 a Schematic Illustration of the fabrication procedure of O-MoC@NC-T. Reproduced
with permission from Ref. [76]. Copyright 2019, American Chemical Society. b TEM image of
typical Pd@Ru core–shell icosahedra synthesised from 12 nm Pd icosahedra. The inset shows
the dark-field STEM image of an individual Pd@Ru core–shell icosahedron (scale bar: 5 nm).
Reproduced with permission from Ref [78]. c HAADF-STEM images and EDX mapping (green
= Pd, red = Ru) of an individual core–shell icosahedron. Reproduced with permission from Ref.
[78]. Copyright 2018, American Chemical Society

0.3 V versus RHE operation at 40 °C. The stability of the catalyst was determined
by a 15-hour continuous N2 reduction with a constant current density.

Other Metal-Based Core–Shell-Structured Electrocatalysts

In addition to Au and Fe, other metals also have certain NRR performance, such as
Mo, Co, Bi, Ru and Rh; the catalytic activity of these metals has certain limitations,
and the construction of a uniquecore–shell structure can improve its NRR perfor-
mance. Sun et al. [76] prepared oxygen-containing molybdenum carbide (O-MoC)
embedded in a nitrogen-doped carbon layer (N-doped carbon) by pyrolysing the
chelate of dopamine and molybdate (Fig. 20.11a). The generation NH3 yield rate is
22.5 μg·h−1·mgcat. −1 at−0.35 V versus RHE, and the faradaic efficiency s 25.1% in
0.1mMHCl+0.5MLi2SO4. It isworth noting that the synthesisedO-MoC@NC-800
also shows high selectivity (no hydrazine formation) and electrochemical stability.
The moderate electronic structure induced by the interaction between the O-MoC
and the N-doped carbon shell can effectively weaken the activity of the hydrogen
release reaction and increase the faradaic efficiency of NRR. Guo et al. [77] reported
that multi-yolk–shell bismuth@porous carbon (MB@PC) composites were success-
fully synthesised via a facile simple hydrothermal reaction followed by a subsequent
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pyrolysation (Fig. 20.11b). The as-prepared MB@PC composite can act as an effi-
cient NRR electrocatalyst under ambient conditions. Test results demonstrated that
the MB@PC composite catalysts can deliver a high NH3 yield of 28.63 μg h−1

mg−1
cat., a faradaic efficiency of 10.58% at −0.5 V versus RHE, long-term electro-

chemical durability in N2-saturated 0.1 M HCl solution, and an excellent selectivity
for NH3 formation, and are better than most reported bismuth-based electrocata-
lyst. Xia et al. [78] successfully synthesised Ru icosahedral nanocages with a face-
centred cubic (fcc) structure by coating Pd icosahedral seeds with ultrathin Ru shells,
followed by selective removal of the Pd cores via chemical etching (Fig. 20.11c, d).
When benchmarked against the parental Pd@Ru core–shell nanocrystals, all the Ru
nanocages displayed superior catalytic activities. First-principles density functional
theory calculations also suggest that the fcc-Ru icosahedral nanocages containing
residual Pd atoms are more promising than the conventional hcp-Ru solid nanoparti-
cles in catalysing the nitrogen reduction for ammonia synthesis. With the subsurface
impurities of Pd, the twin boundary regions of the icosahedral nanocages are able to
stabilise the N2 dissociation transition state, reducing the overall reaction barrier and
promoting the competition with the N2 desorption process. Huang et al. [79] reported
an effective surface chalcogenation strategy to improve theNRRperformance of pris-
tine metal nanocrystals (NCs). Surprisingly, the NH3 yield and faradaic efficiency
(FE) (175.6 ± 23.6 mg h−1 g−1

Rh and 13.3 ± 0.4%) of Rh-Se NCs is significantly
enhanced by 16 and 15 times, respectively. Detailed investigations show that the
superior activity and high FE are attributed to the effect of surface chalcogenation,
which can not only decrease the apparent activation energy, but also inhibit the
occurrence of the hydrogen evolution reaction (HER) process.

20.2.5 CO2 Reduction Reaction (CO2RR)

Due to the rapid development of modern industry, the use of coal-based fuels
has increased sharply, leading to an increase in the CO2 content in the atmosphere,
resulting in the greenhouse effect. At the same time, CO2 is also a rich and poten-
tially low-cost carbon source and use it to produce fuels and organic chemicals.
Electrochemical reduction of CO2 is not only a potentially cost-effective chem-
ical production process, but also uses this sustainable energy source. Therefore,
the electrochemical reduction of CO2 as a potential method for producing valuable
chemicals with CO2 as the sole carbon source has aroused great interest. The prod-
ucts obtained by CO2 electroreduction generally include CO, CH4, C2H4, HCOOH,
HCHO, CH3OH and C2H5OH. [80] The product of CO2 electroreduction depends
on the reaction conditions and the catalyst used. However, one of the main obstacles
to reducing carbon dioxide emissions is low catalyst efficiency and fast deactiva-
tion. Core–shell nanoparticles are promising candidates for enhancing challenging
reactions. Moreover, by using the synergy between the metal nanoparticles and the
molecular sieve properties of the packaging material, the activity of the catalyst and
the selectivity of the reaction can be improved.
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20.2.5.1 Mechanism of CO2RR

CO2RR is a promising strategy to convert CO2 into multifarious valuable chemicals
and synthetic fuels. The entire reaction of carbon dioxide reduction is carried out
in an “H” type device with a three-electrode system. The components of the system
are a working electrode (WE, Working Electrode), a reference electrode (RE, Refer-
ence Electrode) and a counter electrode (CE, Counter Electrode). The electrolyte
is generally potassium oxycarbonate, potassium hydroxide or an ionic liquid satu-
rated with carbon dioxide, taking potassium bicarbonate solution as an example.
The working electrode and the counter electrode are separated by Nafion film. The
counter electrode is divided into two types: inert electrode and active electrode. The
inert electrode mainly plays a role of conducting electricity, and it usually uses a
pad or a carbon rod. The active electrode is usually an electrocatalyst that decom-
poses water to produce oxygen. The reference electrode plays a role in correcting
the applied bias, usually an Ag/AgCl electrode or a saturated calomel electrode. The
working electrode is our research object-the catalyst electrode. The gas-phase prod-
ucts produced are usually detected using gas chromatography. Liquid-phase products
are usually detected by gas chromatograph mass spectrometer (GC/MS) or nuclear
magnetic resonance (NMR). Figure 20.12 describes the process of reducing carbon
dioxide [81].

Fig. 20.12 Electrocatalytic CO2 reduction process. Reproduced with permission from Ref. [81].
Copyright © 2011, American Chemical Society
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Usually the reaction that occurs on the counter electrode is the oxidation of water,
and the reduction of carbon dioxide occurs on the working electrode. The mecha-
nism of electrocatalytic carbon dioxide reduction is as follows: the electrochemical
workstation is used to apply a certain bias voltage to the electrode surface, and the
high-energy electrons generated after the working electrode is in contact with the
medium in the environment, combine with protons to break the carbon-oxygen bond
in the carbon dioxide molecule, followed by reduction. Since the potential of carbon
dioxide reduction is usually negative and exceeds the reduction potential of hydrogen
ions in the electrolyte, carbon dioxide reduction and hydrogen production reactions
usually exist on the working electrode.

The first step is the key to CO2
−, because this is the rate-limiting step, and the

coordination of this intermediate determines whether the 2e− reduction product is
CO or formic acid. The energy of CO2

− intermediate is very high (−2.21 V vs.
SCE) and easily reacts with water (formates or CO), or any other substances present
in the solution (including another CO2 molecule). Compared to the first step, the
subsequent reduction step proceeds almost immediately. Therefore, the stabilisation
of such high-energy intermediates is the key to achieving high-rate and energy-
efficient carbon dioxide emission reduction processes. Group 1 consists of metals
that do not bind to CO2

− intermediates and cannot reduce CO. The second group of
metals bind to CO2

− intermediates but cannot reduce CO. The third group (copper)
combines with CO2

− intermediates and can reduce CO. The other group of metals
strongly binds to hydrogen and therefore does not include the reduction of CO2 in
aqueousmedia. The first group includesmetals such as Pb, Hg, In, Sn, Cd and Tl [82].
Their tendency to combine with CO2

− intermediates is so low that it is believed that
the reduction of CO2 occurs through an outer layer mechanism, usually producing
formic acid as a product. The second group consists of metals such as Au, Ag, Zn
and Ga, which bind to intermediate CO2

− to varying degrees, but cannot reduce CO,
so they usually use CO as the main product of CO2 reduction. Copper is the only
metal that belongs to the third group that is used to reduce CO2. It combines CO2

−
intermediates and reduces CO to higher reduction products, such as alcohols and
hydrocarbons.

20.2.5.2 Core–Shell-Structured Electrocatalysts for CO2RR

Cu-Based Core–Shell CO2RR Electrocatalysts

There are many materials used to study this reaction process, and a copper-based
catalyst has a unique advantage because it selectively produces hydrocarbons at a
relatively low overpotential and has a higher efficiency than other metals. In hetero-
geneous catalysis, copper and copper oxide catalysts can selectively produce hydro-
carbons from CO2, but the efficiency is relatively low due to the high overpotential.
It has always been a barrier to study the selective production of a single product,
or a mixture mainly composed of the desired product, in a copper-based catalyst
system. To boost CO generation while suppressing H2 evolution on Cu during CO2
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electroreduction, it has been proposed that coupling Cu with an oxyphilic metal (e.g.
Sn and In) would enhance the adsorption of *COOH at mild overpotentials. Previous
studies demonstrate that binary Cu–Sn catalysts could favour CO formation. Li et al.
[83] synthesisedmonodisperse core/shell Cu/SnO2 NPs via a seed-mediatedmethod,
which showed a favourable catalytic performance for CO production in an H-type
cell.

Wang et al. [84] utilised Cu/SnOx hetero-structured nanoparticles supported on
carbon nanotubes (CNTs) as a model catalyst system. By adjusting the Cu/Sn ratio in
the catalyst material structure, one can tune the products of the CO2 electrocatalytic
reduction reaction from hydrocarbon-favourable to CO-selective to formic acid-
dominant. In the Cu-rich regime, SnOx dramatically alters the catalytic behaviour of
Cu. An et al. [85] developed a facile oxidative etching of AuCu alloy for the synthesis
of a monolithic nanoporous core–shell structured AuCu3@Au electrode, which
showed an FE of 97.27% with a partial current density of 5.3 mA cm−2 at −0.6 V
versus RHE for CO production. The FE value is about 1.45 times higher than that of a
Au nanocatalyst. Unlike single nanoporous Au, the AuCu3@Au maintains an excel-
lent performance at a broad potential window. Furthermore, a 23 cm long nanoporous
AuCu3@Au bulk electrode with good ductility has been prepared, over which
the active current reaches up to 37.2 mA with a current density of 10.78 mA cm−2

at −0.7 V versus RHE, pushing the reduction of CO2 to industrialisation levels..
Making use of strong metal/oxide interactions has recently been demonstrated to

be effective in enhancing electrocatalysis in the liquid phase. Tang et al. [86] designed
Cu–Sn core/shell nanowire arrays which were built on 3-dimensional macroporous
Ni foams by a two-step deposition-annealing-electroreduction treatment. Cu was
electroplated on the Ni foam substrates, and the sample was annealed at 500 °C
followed by electroreduction, producing Cu nanowires of 150 nm diameter in arrays
on the skeleton of Ni foams. Sn nanoparticles of 14–80 nm were then chemically
deposited on the Cu nanowires in clusters, and a second annealing treatment at 200
°C followed by electroreduction re-organised the clusters into a SnxO/Sn shell of
8 nm thickness. Creating such a Sn shell on Cu nanowires suppressed the faradaic
efficiencies for H2 evolution from 55.7 to 10.1%, and for HCOOH formation from
13.2 to 2.0%, and enhanced CO generation from 32.0 to 90.0% at an applied potential
of −0.8 V (vs. RHE). The faradaic efficiency for CO production remained almost
constant at 90.0–91.4% with total current densities of −13.2 to −19.3 mA cm−2

between −0.8 and −1.2 V (vs. RHE). Huang et al. [87] developed monodisperse
core/shellCu/In2O3 nanoparticles (NPs) to boost efficient and tuneable syngas forma-
tion via electrochemical CO2 reduction for the first time. The efficiency and composi-
tion of the syngas production on the developed carbon-supported Cu/In2O3 catalysts
are highly dependent on the In2O3 shell thickness (0.4–1.5 nm). As a result, a wide
H2/CO ratio (4/1 to 0.4/1) was achieved on the Cu/In2O3 catalysts by controlling
the shell thickness and the applied potential (from −0.4 to −0.9 V vs reversible
hydrogen electrode), with a faradaic efficiency of syngas formation larger than 90%.
Specifically, the best-performing Cu/In2O3 catalyst demonstrates remarkably large
current densities under low overpotentials (4.6 and 12.7 mA/cm2at−0.6 and−0.9 V,
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respectively), which are competitive with most of the reported systems for syngas
formation.

Metal–organic frameworks (MOFs), combining metal ions with organic ligands
to form ordered networks, represent a class of emerging nanomaterials with ultra-
high surface area and well-developed pore structure. Besides, the porous structure
of the Cu-based MOF is helpful for CO2 capture and adsorption, with the ability of
CO2 electro-reduction. The MOF catalyst can feature an enhanced ability to capture
and adsorb CO2, while the intrinsic catalytic activity of Cu2O can be simultaneously
well maintained. Qiu et al. [88] reported on a tailor-made multifunction-coupled
Cu-metal−organic frameworks (Cu-MOF) electrocatalyst by time-resolved control-
lable restructuration fromCu2O toCu2O@Cu-MOF. The restructured electrocatalyst
features a time-responsive behaviour and is equippedwith a high specific surface area
for strong adsorption capacity of CO2, and abundant active sites for high electrocat-
alyst activity based on the as-produced MOF on the surface of Cu2O, as well as
the accelerated charge transfer derived from the Cu2O core in comparison with the
Cu-MOF. These intriguing characteristics finally lead to a prominent performance
towards hydrocarbons, with a high hydrocarbon of 79.4%, particularly, the CH4 FE
as high as 63.2% (at −1.71 V). This work presents a novel and efficient strategy to
configure MOF-based materials in energy and catalysis fields, with the focus on a
large surface area, high adsorption ability, and much more exposed active sites.

Transition Metal-Based Core–Shell CO2RR Electrocatalysts

The incorporation of a transition metal in N-doped carbon was found to greatly
strengthen the CO2RR activity, especially for the Fe–N–C materials. Yang et al. [89]
designed a Fe–N–C nanofibre catalyst featuring a core–shell structure consisting of
iron nitride nano-particles encapsulated within Fe and N co-doped carbon layers
that can efficiently catalyse CO2 to CO with nearly 100% selectivity, high faradaic
efficiency (~95%), and remarkable durability at −0.53 V versus reversible hydrogen
electrode. Theoretical calculations reveal that the introduction of an iron nitride core
can facilitate the CO intermediate desorption from the Fe and N co-doped shell,
thus enhancing the catalytic performance of the CO2 reduction. Moreover, Ye et al.
[90] developed a low-temperature chemical vapour deposition strategy to prepare
a sheet-like open nanostructure with Ni nanoparticles wrapped by Ni-N species
dispersed on a carbon layer (Ni-NC@Ni). Such a Ni-NC@Ni catalyst exhibits a
remarkable CO2 electroreduction performance, including the high selectivity for the
CO product (faradaic efficiency ~87%) and a high current density of 14.8 mA cm−2

at a moderate overpotential of 670 mV, as well as the long-term stability over 150 h.
The synergistic interaction between cobalt sulphide and the cobalt oxide bicatalyst
reduces the activation energy to convert CO2 into adsorbed intermediates, and hereby
enables CO2RR to run at a low overpotential.
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20.2.6 Methanol and Ethanol Oxidation Reaction
(MOR/EOR)

With the growing demand for green energy technologies, fuel cells have attracted
tremendous attention as promising clean energy-conversion systems. Amongst
different fuels that have been used for fuel cells, hydrogen, methanol, and ethanol
have been the most explored and each has its advantages and disadvantages [91–98].
The direct methanol fuel cells directly convert chemical energy into usable elec-
trical energy through the redox reaction above the electrode, which contributes to
the supplying of clean energy. At the same time, methanol has a higher theoretical
energy density and has the potential value for commercialisation. Ethanol is one of
the most promising renewable energy sources as a fuel because of its low toxicity,
high availability of biomass production, and high energy density brought about by a
12-electron transfer after complete oxidation. Meanwhile, ethanol is also a green and
renewable energy. However, the slow kinetics ofMOR/EOR is the biggest obstacle to
the development of direct alcohol fuel cells (DAFCs). A higher performance catalyst
is needed to overcome this obstacle. The design of highly active catalysts is insep-
arable from the detailed understanding of the reaction mechanism in MOR/EOR,
especially the rate-limiting steps [99, 100].

20.2.6.1 Mechanism of MOR/EOR

Methonal oxidation involves 6 electron transfer, and the process is complicated and
slow. It is found that the main products of methanol oxidation on the Pt electrode
are CO, COH, HCOH and H2COH. In order to increase the rate of the anode reac-
tion, it is necessary to study the methanol oxidation mechanism, especially the rate-
determining step in the methanol oxidation process. There are many related studies,
and it is generally considered to be carried out in two ways. The oxidation process
is considered to be divided into two basic steps (Fig. 20.13): Methanol adsorbs to
the surface of the catalyst and gradually dehydrogenates to form carbon-containing
intermediate products. The dissociated water produces oxygen-containing species
which react with carbon-containing intermediate products and release CO2.

However, the research work on the EOR mechanism can be traced back to the
1950s. Now, the most recognised ethanol oxidation mechanism is the dual pathway
theory, including the C1 oxidation pathway and the C2 oxidation pathway (Fig. 21)
[96, 101, 102]. In the process of the C1 pathway, ethanol is oxidised to CO2 (alkaline:
carbonate CO3−) by the adsorbed CO intermediate, which releases 12 electrons; the
pathway of the C2 oxidation by ethanol is acetaldehyde, which transfers 2 electrons,
or further oxidises to acetic acid and releases 4 electrons (alkaline: acetate). The C1
pathway is the complete oxidation of ethanol to CO2, which involves the C–C bond
breaking reaction which needs high energy. The C2 pathway is the partial oxidation
of ethanol, which occurs relatively easily because it does not involve breaking of the
C–C bond [103, 104]. Although higher electrical efficiency can be achieved through
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Fig. 20.13 Simplified reaction mechanism of the methanol oxidation on a platinum surface

the C1 pathway, the C2 pathway usually dominates the entire EOR. Therefore, it
is an effective way to improve the efficiency of EOR to selectively enhance the
C1 pathway through the rational design of high-performance catalysts. Meanwhile,
during the EOR, strongly adsorbed intermediates (such as CO and CHX) will be
produced, which will be adsorbed on the surface of the catalyst (such as Pt) and
greatly reduce the reaction kinetics. According to the mechanism of the ethanol
oxidation reaction, the selection and design of catalysts are from three aspects: (1)
there are C–C bond breaking active sites on the surface; (2) the surface composition
can selectively improve the C1 pathway; (3) it can rapidly oxidise COads and –CHX.
Pt and Pd-based nanomaterials are the best catalysts in the electrocatalytic oxidation
of ethanol [92].

20.2.6.2 Core–Shell Electrocatalysts for MOR/EOR

Bimetallic Core/Yolk–Shell MOR/EOR Catalysts

Sun et al. [105] reported single noble metal Pt nanocubes assemblies (NCAMs)
prepared by a one-pot hydrothermal method. After that, Pt NCAMs were used as
the core, and a thin layer of PANI (or SiO2) was coated on the outer surface to form
a core–shell structure of Pt NCAMs@PANI (or Pt NCAMs@SiO2) catalyst. This
catalyst has good collective electronic properties due to its self-assembled core and
conductive polymer PANI shell, so Pt NCAMs@PANI has a good proton conduc-
tivity, excellent catalytic activity (mass activity is 1.77 times that of the original Pt
and 2.25 times that of commercial Pt/C) and outstanding stability (after 1000 cycles,
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Fig. 20.14 a, b TEM images of Pd/C@HCS. c SEM, d bright field and e dark field STEM images
of Pd/C@HCS after microtoming off the hollow structure [106]. f core–shell structured carbon
materials. Reproduced with permission from Ref. [107]. Copyright © 2017 Elsevier B.V. All
rights reserved. g Schematic illustration showing the assembly of the core–shell like PPy/Co3O4
nanospheres using a straightforward solvothermal method followed by a simple polymerisation
process. Reproduced with permission from Ref. [108]. Copyright © 2017 Hydrogen Energy
Publications LLC

Pt@ PANI catalyst retains 81.3% of the initial current density) under acidic condi-
tions. Wang et al. [106] used polymer precursors to encapsulate the Pd2+ to form
the yolk-shell polymer nanospheres with polymer-yolk supported Pd nanoparticles
(Pd/P@HPS) by hydrothermal synthesis, then, formed Pd/C@HCS by annealing at
500 °C (Fig. 20.14a–e). In order to exposemoremetal active sites to the reaction liquid
solution, Ariyanto et al. [107] proposed a new synthetic route for producing hollow
structure mesopore/graphitic carbon. Due to the different thermal stability between
carbon shell and carbon core, the hollow structure catalysts were synthesised by
annealing at different temperatures (Fig. 20.14f). Then, through themethanol electro-
oxidation test, the catalytic activity and stability of the hollow structure catalystswere
greatly improved on the basis of the original materials.

Khalafallah et al. [108] synthesisedCo3O4 nanospheres by a solvothermalmethod,
and then PPy nanospheres were formed on the core structure of Co3O4 nanospheres
by polymerisation of a pyrrole monomer (Fig. 20.14g). Due to the synergistic effect
of the core–shell hierarchical structure, the high conductivity of PPy and the forma-
tion of highly active Co-Nx sites by the nitrogen functional groups in Co3O4 and PPy,
the PPy/Co3O4 catalyst has an excellentMORperformance in the electrooxidation of
methanol. Most core–shell structures take two different metals as the core and shell
respectively, which puts forward higher requirements for the synthesis method. Sun
et al. [109] reported a strategy of loading Pt3Co and Pt skin bimetallic nanocatalysts
directly on porous graphite carbon. By reducing the metal ions using hydrogen at
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high temperature, Pt precipitation occurs on the surface, and the high temperature
provides sufficient energy for H2 to preferentially combine with Pt on the surface.
This process allows the preferential formation of Pt skins to obtain a core–shell
structures. The thickness of platinum skin is only 1–2 atomic layers, about 0.5 nm.
The bimetallic nanocatalyst composed of Pt3Co and Pt skin was used as an elec-
trocatalyst for ethanol. The mass activity of the catalyst was 0.79 mA μg−1

Pt , which
was 250% higher than that of commercial Pt/C (0.32 mA μg−1

Pt ). Guo et al. [110]
reported on Cu@PdCu core–shell nanoparticles whichwere prepared by the galvanic
replacement reactions (GRR) between Pd2+ ions and Cu particles. Compared with
Pd/C (60 mA cm−2), the peak current of ethanol oxidation on Cu@PdCu/C catalyst
is very high and reaches 166.0 mA cm−2. In addition to synthesising the core–
shell structures by GRR, the template method is also a commonly used method.
Wang et al. [111] explored the feasibility of utilising Te dendrites as a template
and reducing agent to synthesise Te@Au core–shell hybrids. Compared with poly
Au (2.24 mA cm−2), the EOR performance of Te@Au is 11.58 mA cm−2. Lei
et al. [112] designed a self-contained shell Ni@PdNi nanowire array (Ni@PdNi
NAs) without carbon carrier and binder for high-efficiency ethanol electrooxidation.
Firstly, a simple template-assisted electrodeposition method was used to prepare Ni
nanowire arrays (Ni NAs). Subsequently, Ni@PdNi NAs was formed by a one-step
solution-based alloying reaction. The optimised Ni@PdNi NAs electrode has a high
ECSA of 64.4 m2g−1

Pd , excellent electrochemical performance (peak current density:
622 A g−1

Pd ) and cyclic stability of ethanol electrooxidation. Li et al. [113] reported a
novel hybrid Pd/PANI/Pd sandwich nanotube array (SNTA) to oxidise small organic
molecules in DEFCs by utilising the shape effect and synergistic effect of Pd-PANI
composites (Fig. 20.15). Compared with Pd/C catalyst, the peak current density of
Pd/PANI/Pd SNTAs is almost 3.6 and 1.7 times of that of Pd NTA and Pd/C catalysts.

Besides the GRR and template method, the seed-mediated method is also one
of the methods to synthesise a core–shell structures. Ding et al. [114] synthesised
gold nanoparticles by the seed-mediated method, and then reduced Pd on gold seeds
Au@Pd Core–Shell Nano bricks (Au@Pd CNBs). The EOR activity of Au@Pd
CNBs was 4.43 times higher than that of Pd black. Yan et al. [115] reported the
successful synthesis of a highly efficient and high yield Au-M (M = Au, Pd and Pt)
core–shell structures catalyst (Fig. 20.6). Taking Au-Pd core–shell nanostructures
as an example, in 0.5 m KOH solution containing 0.5 M C2H5OH, the peak current
density of C2H5OH oxidation is 151.9 mA mg−1, which is 2.87 and 2.29 times of
that of Pd NPs and Pt/C catalysts, respectively. The porous Pd shell greatly improves
the quality activity.

Multi-metal Core/Yolk–Shell MOR/EOR Catalysts

Not only the bimetallic materials, but also the multi-metal materials core/yolk-shell
structures have attracted the researcher’s interest. Wang et al. [116] synthesised the
Ni-C-Pt three-layer core–shell nanostructures with Ni-supported Pt nanoparticles by
a simplemethod.Through thismethod, the loading content of Ptwas largely improved
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Fig. 20.15 a–e Schematic illustration for the fabrication of Pd/PANI/Pd SNTAs. f Schematic
illustration for the advantages of Pd/PANI/Pd SNTAs as a catalyst, such as large surface area,
large open space, fast transport of active species, and rapid electron transmission. Reproduced with
permission from Ref. [113]. Copyright 2013 American Chemical Society

by the shell formed by many tiny Pt nanoparticles, which contributes to the higher
MOR activity. Du et al. [117] prepared a new type of precious metal yolk–shell
structure of precious metal microporous polymer nanoparticles. This microporous
polymer shell could disperse the Au yolk andmaintain activity. At the same time, this
precious metal–polymer nanoparticles yolk–shell structure had a controllable thick-
ness, high specific surface area and a certain rigidity, contributing to the good MOR
activity. Yang et al. [118] prepared the core–shell nanoparticles containing a Ni octa-
hedral shell on a cubic core saturated with Pt, by the stepwise co-deposition (SCD)
method, and then the nanoparticles were transformed into yolk–shell nanostructures
by the nickel coordination etching (NCE) process. Li et al. [119] used trisodium
citrate as the reducing agent to synthesise an Au@PtAuAg yolk-shell nano-alloy
by the wet chemical method. The methanol electrocatalytic oxidation test showed
that the electrocatalytic performance and stability of Au@PtAuAg egg yolk–shell
nano-alloys are higher than commercial Pt/C catalysts.

20.2.7 Others

As alternative fuels, formic acid, ethylene glycol and glycerine have attracted more
and more attention. However, many huge obstacles related to the use of anode cata-
lysts, such as slow reaction kinetics, soaring high costs and poorCO tolerance, greatly
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hinder the actual large-scale commercialisation of DFC. The most efficient electro-
catalysts for this reaction are Pt and Pd. Feng et al. [120] reported the large-scale
preparation of solid core-porous shell alloyed PtAg nanocrystals (PtAg NCs) by a
simple one-pot co-reduction wet chemical method (Fig. 20.10). The prepared PtAg
NCs coupled catalyst had a specific activity and mass activity of 77.91 mA cm−2

and 1303 mA mg−1
Pt towards the glycerine oxidation reaction (GOR), respectively.

The doped Ag can stabilise Pt, decrease the CO-like poisoning of Pt and improve the
catalytic activity of PtAg alloys. Feng et al. reported a simple, facile, and one-pot
solvothermalmethod for the preparation of reduced graphene oxide (RGO) supported
hollow Ag@Pt core–shell nanospheres (hAg@Pt). The hAg@Pt–RGO modified
electrodes exhibited an enhanced electrocatalytic activity and a better stability for
EGOR. Fan et al. [121] reported the facile synthesis of a core–shell structured
Ru@Pd/multi-walled carbon nanotube (MWCNT) catalyst via a two-step chem-
ical reduction process without any surfactant. The Ru@Pd/MWCNT also presented
an enhanced electrocatalytic activity for formic acid oxidation (FAO) in an acidic
medium.

20.3 Summary

Core–shell functional materials have shown great potential in the field of electro-
catalysis. These core–shell functional materials can overcome the inherent defects
of single core or shell materials, significantly improving the performance of electro-
catalysis. In order to better design efficient catalysts, a basic understanding of the
catalytic reaction process is very important.

So far, a large number of research works have reported that the core–shell func-
tional materials exhibit excellent electrocatalytic activity in multiple reactions, but
this is often simply attributed to “synergy” and there is a lack of in-detail discussion of
synergy. The specific discussion of the role leads to an empirical result, which lacks
considerable significance for further guidance on catalyst design. Therefore, in situ
electrochemical correlation spectroscopy and electron microscopy will be powerful
tools for understanding the electrocatalytic process. Density functional theory (DFT)
calculation is a very effective way to design high-performance electrocatalysts.

The core–shell stands out mainly because of the following features: (i) More
highly active catalytic sites are exposed to reduce the reaction overpotential; (ii)
High structural stability and long service cycle; (iii) High conductivity and fast
charge diffusion path; (iv) Effective mass transfer pathways and gas evolution; (v)
Low-cost materials and scalable synthesis processes. In short, core–shell functional
materials provide a new reference for the electrocatalysts to reduce metal loading,
enhance catalytic activity and improve stability.



336 J. Fan et al.

References

1. Tee SY, Win KY, Teo WS, Koh L-D, Liu S, Teng CP, Han M-Y (2017) Recent progress in
energy-driven water splitting. Adv Sci 4(5):1600337

2. Yi J-D, Liu T-T, Huang Y-B, Cao R (2019) Solid-state synthesis of MoS2 nanorod from
molybdenum-organic framework for efficient hydrogen evolution reaction. Sci China Mater
62(7):965–972

3. Zeng M, Li Y (2015) Recent advances in heterogeneous electrocatalysts for the hydrogen
evolution reaction. J Mater Chem A 3(29):14942–14962

4. Zou X, Zhang Y (2015) Noble metal-free hydrogen evolution catalysts for water splitting.
Chem Soc Rev 44(15):5148–5180

5. Zhu J,HuL, ZhaoP, LeeLYS,WongK-Y (2020)Recent advances in electrocatalytic hydrogen
evolution using nanoparticles. Chem Rev 120(2):851–918

6. Zhang L-N, Lang Z-L, Wang Y-H, Tan H-Q, Zang H-Y, Kang Z-H, Li Y-G (2019) Cable-like
Ru/WNO@Cnanowires for simultaneous high-efficiency hydrogen evolution and low-energy
consumption chlor-alkali electrolysis. Energy Environ Sci 12(8):2569–2580

7. Deng K, Ren T, Xu Y, Liu S, Dai Z, Wang Z, Li X, Wang L, Wang H (2020) Crystalline
core–amorphous shell heterostructures: epitaxial assembly of NiB nanosheets onto PtPd
mesoporous hollow nanopolyhedra for enhanced hydrogen evolution electrocatalysis. JMater
Chem A 8(18):8927–8933

8. Kim J, Kim H, Lee W-J, Ruqia B, Baik H, Oh H-S, Paek S-M, Lim H-K, Choi CH, Choi S-I
(2019) Theoretical and experimental understanding of hydrogen evolution reaction kinetics in
alkaline electrolytes with Pt-based core-shell nanocrystals. J Am Chem Soc 141(45):18256–
18263

9. Wu A, Xie Y, Ma H, Tian C, Gu Y, Yan H, Zhang X, Yang G, Fu H (2018) Integrating
the active OER and HER components as the heterostructures for the efficient overall water
splitting. Nano Energy 44:353–363

10. Nguyen DC, Tran DT, Doan TLL, Kim DH, Kim NH, Lee JH (2020) Rational design
of Core@shell structured CoSx@Cu2MoS4 hybridized MoS2/N, S-codoped graphene
as advanced electrocatalyst for water splitting and Zn-air battery. Adv Energy Mater
10(8):1903289

11. Zhu H, Gao G, Du M, Zhou J, Wang K, Wu W, Chen X, Li Y, Ma P, Dong W, Duan F, Chen
M,Wu G,Wu J, Yang H, Guo S (2018) Atomic-scale core/shell structure engineering induces
precise tensile strain to boost hydrogen evolution catalysis. Adv Mater 30(26):1707301

12. Li X, Liu W, Zhang M, Zhong Y, Weng Z, Mi Y, Zhou Y, Li M, Cha JJ, Tang Z, Jiang H, Li
X, Wang H (2017) Strong metal-phosphide interactions in core-shell geometry for enhanced
electrocatalysis. Nano Lett 17(3):2057–2063

13. Maity S, DasB, SamantaM,DasBK,Ghosh S, ChattopadhyayKK (2020)MoSe2-amorphous
CNT hierarchical hybrid core-shell structure for efficient hydrogen evolution reaction. ACS
Appl Energy Mater 3(5):5067–5076

14. Liu XX, Zang JB, Chen L, Chen LB, ChenX,Wu P, Zhou SY,WangYH (2017) Amicrowave-
assisted synthesis of CoO@Co core–shell structures coupled with N-doped reduced graphene
oxide used as a superior multi-functional electrocatalyst for hydrogen evolution, oxygen
reduction and oxygen evolution reactions. J Mater Chem A 5(12):5865–5872

15. Chen Z, Wu R, Liu Y, Ha Y, Guo Y, Sun D, Liu M, Fang F (2018) Ultrafine Co nanoparticles
encapsulated in carbon-nanotubes-grafted graphene sheets as advanced electrocatalysts for
the hydrogen evolution reaction. Adv Mater 30(30):1802011

16. Chu S, Majumdar A (2012) Opportunities and challenges for a sustainable energy future.
Nature 488(7411):294–303

17. Kibsgaard J, Chorkendorff I (2019) Considerations for the scaling-up of water splitting
catalysts. Nat Energy 4(6):430–433

18. Wang X, Li Q, Shi P, Fan J, Min Y, Xu Q (2019) Nickel nitride particles supported on
2D activated graphene–black phosphorus heterostructure: an efficient electrocatalyst for the
oxygen evolution reaction. Small 15(48):1901530



20 Core–Shell Functional Materials for Electrocatalysis 337

19. Bai K, Fan J-C, Shi P-H, Min Y-L, Xu Q-J (2020) Directly ball milling red phosphorus and
expended graphite for oxygen evolution reaction. J Power Sources 456:228003

20. Luo S, Gu R, Shi P, Fan J, Xu Q, Min Y (2020) π-π interaction boosts catalytic oxygen
evolution by self-supporting metal-organic frameworks. J Power Sources 448:227406

21. Gonçalves JM, Martins PR, Angnes L, Araki K (2020) Recent advances in ternary
layered double hydroxide electrocatalysts for the oxygen evolution reaction. New J Chem
44(24):9981–9997

22. Xie W, Song Y, Li S, Shao M, Wei M (2019) Integrated nanostructural electrodes based on
layered double hydroxides. Energy Environ Mater 2(3):158–171

23. Reier T, Oezaslan M, Strasser P (2012) Electrocatalytic oxygen evolution reaction (OER) on
Ru, Ir, and Pt catalysts: a comparative study of nanoparticles and bulk materials. ACS Cataly
2(8):1765–1772

24. Gloag L, Benedetti TM, Cheong S, Webster RF, Marjo CE, Gooding JJ, Tilley RD (2018)
Pd–Ru core–shell nanoparticles with tunable shell thickness for active and stable oxygen
evolution performance. Nanoscale 10(32):15173–15177

25. XieW, Li J, SongY, Li S, Li J, ShaoM (2020) Hierarchical carbonmicrotube@nanotube core-
shell structure for high-performance oxygen electrocatalysis and Zn–air battery. Nano-Micro
Letters 12(1):97

26. Jia D, Gao H, Xing L, Chen X, Dong W, Huang X, Wang G (2019) 3D self-supported porous
NiO@NiMoO4 core-shell nanosheets for highly efficient oxygen evolution reaction. Inorg
Chem 58(10):6758–6764

27. Liu C, Wang J, Wan J, Cheng Y, Huang R, Zhang C, Hu W, Wei G, Yu C (2020) Amorphous
metal-organic framework-dominated nanocomposites with both compositional and structural
heterogeneity for oxygen evolution. Angew Chem Int Ed 59(9):3630–3637

28. Xie J-Y, Liu Z-Z, Li J, Feng L, Yang M, Ma Y, Liu D-P, Wang L, Chai Y-M, Dong B (2020)
Fe-doped CoP core–shell structure with open cages as efficient electrocatalyst for oxygen
evolution. J Energy Chem 48:328–333

29. Kang J, Sheng J, Xie J, Ye H, Chen J, Fu X-Z, Du G, Sun R, Wong C-P (2018) Tubular
Cu(OH)2 arrays decorated with nanothorny Co–Ni bimetallic carbonate hydroxide supported
on Cu foam: a 3D hierarchical core–shell efficient electrocatalyst for the oxygen evolution
reaction. J Mater Chem A 6(21):10064–10073

30. Di J, Zhu H, Xia J, Bao J, Zhang P, Yang SZ, Li H, Dai S (2019) High-performance elec-
trolytic oxygen evolution with a seamless armor core-shell FeCoNi oxynitride. Nanoscale
11(15):7239–7246

31. Chen M, Lu S, Fu X-Z, Luo J-L (2020) Core-shell structured NiFeSn@NiFe(Oxy)hydroxide
nanospheres from an electrochemical strategy for electrocatalytic oxygen evolution reaction.
Adv Sci 7(10):2070052

32. Li Y, Li Q, Wang H, Zhang L, Wilkinson DP, Zhang J (2019) Recent progresses in oxygen
reduction reaction electrocatalysts for electrochemical energy applications. Electrochem
Energy Rev 2(4):518–538

33. Chen D, Li C, Liu H, Ye F, Yang J (2015) Core-shell Au@Pd nanoparticles with enhanced
catalytic activity for oxygen reduction reaction via core-shell Au@Ag/Pd constructions. Sci
Rep 5(1):11949

34. Aoki N, Inoue H, Okawa T, Ikehata Y, Shirai A, Daimon H, Doi T, Orikasa Y, Uchimoto Y,
Jinnai H, Inamoto S, Otsuka Y, Inaba M (2018) Enhancement of oxygen reduction reaction
activity of pd core-Pt shell structured catalyst on a potential cycling accelerated durability
test. Electrocatalysis 9(2):125–138

35. QiK, ZhengW,CuiX (2016) Supersaturation-controlled surface structure evolution of Pd@Pt
core–shell nanocrystals: enhancement of the ORR activity at a sub-10 nm scale. Nanoscale
8(3):1698–1703

36. Mahata A, Bhauriyal P, Rawat KS, Pathak B (2016) Pt3Ti (Ti19@Pt60)-based cuboctahedral
core-shell nanocluster favors a direct over indirect oxygen reduction reaction. ACS Energy
Lett 1(4):797–805



338 J. Fan et al.

37. Matin MA, Lee J, Kim GW, Park H-U, Cha BJ, Shastri S, Kim G, Kim Y-D, Kwon Y-U,
Petkov V (2020) Morphing Mncore@Ptshell nanoparticles: effects of core structure on the
ORR performance of Pt shell. Appl Catal B 267:118727

38. Ao X, Zhang W, Zhao B, Ding Y, Nam G, Soule L, Abdelhafiz A, Wang C, Liu M (2020)
Atomically dispersed Fe–N–C decorated with Pt-alloy core–shell nanoparticles for improved
activity and durability towards oxygen reduction. Energy Environ Sci

39. Lu X, Chan HM, Sun C-L, Tseng C-M, Zhao C (2015) Interconnected core–shell carbon
nanotube–graphene nanoribbon scaffolds for anchoring cobalt oxides as bifunctional electro-
catalysts for oxygen evolution and reduction. J Mater ChemA 3(25):13371–13376

40. Xue H, Na Z, Wu Y, Wang X, Li Q, Liang F, Yin D, Wang L, Ming J (2018) Unique
CO3O4/nitrogen-doped carbon nanospheres derived from metal–organic framework: insight
into their superior lithium storage capabilities and electrochemical features in high-voltage
batteries. J Mater Chem A 6(26):12466–12474

41. Xiao J, Chen C, Xi J, Xu Y, Xiao F, Wang S, Yang S (2015) Core–shell CO@CO3O4
nanoparticle-embedded bamboo-like nitrogen-doped carbon nanotubes (BNCNTs) as a highly
active electrocatalyst for the oxygen reduction reaction. Nanoscale 7(16):7056–7064

42. Guo J, Niu Q, Yuan Y,Maitlo I, Nie J, Ma G (2017) Electrospun core–shell nanofibers derived
Fe–S/N doped carbon material for oxygen reduction reaction. Appl Surf Sci 416:118–123

43. Park H, Oh S, Lee S, Choi S, Oh M (2019) Cobalt- and nitrogen-codoped porous carbon
catalyst made from core–shell type hybrid metal–organic framework (ZIF-L@ZIF-67) and
its efficient oxygen reduction reaction (ORR) activity. Appl Catal B 246:322–329

44. Cheng Y, Dou S, Veder J-P, Wang S, Saunders M, Jiang SP (2017) Efficient and durable
bifunctional oxygen catalysts based on NiFeO@MnOx core-shell structures for rechargeable
Zn–air batteries. ACS Appl Mater Interfaces 9(9):8121–8133

45. Klerke A, Christensen CH, Nørskov JK, Vegge T (2008) Ammonia for hydrogen storage:
challenges and opportunities. J Mater Chem 18(20):2304–2310

46. Schlögl R (2003) Catalytic synthesis of ammonia—a “Never-Ending Story”? Angew Chem
Int Ed 42(18):2004–2008

47. Zhu X, Mou S, Peng Q, Liu Q, Luo Y, Chen G, Gao S, Sun X (2020) Aqueous electrocat-
alytic N2 reduction for ambient NH3 synthesis: recent advances in catalyst development and
performance improvement. J Mater Chem A 8(4):1545–1556

48. Bao D, Zhang Q, Meng F-L, Zhong H-X, Shi M-M, Zhang Y, Yan J-M, Jiang Q, Zhang X-B
(2017) Electrochemical reduction of N2 under ambient conditions for artificial N2 fixation
and renewable energy storage using N2/NH3 cycle. Adv Mater 29(3):1604799

49. van der Ham CJM, Koper MTM, Hetterscheid DGH (2014) Challenges in reduction of
dinitrogen by proton and electron transfer. Chem Soc Rev 43(15):5183–5191

50. Shipman MA, Symes MD (2017) Recent progress towards the electrosynthesis of ammonia
from sustainable resources. Catal Today 286:57–68

51. Guo W, Zhang K, Liang Z, Zou R, Xu Q (2019) Electrochemical nitrogen fixation
and utilization: theories, advanced catalyst materials and system design. Chem Soc Rev
48(24):5658–5716

52. Guo C, Ran J, Vasileff A, Qiao S-Z (2018) Rational design of electrocatalysts and
photo(electro)catalysts for nitrogen reduction to ammonia (NH3) under ambient conditions.
Energy Environ Sci 11(1):45–56
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Chapter 21
Pd-Core-Based Core–Shell Nanoparticles
for Catalytic and Electrocatalytic
Applications

Miriam Navlani-García, David Salinas-Torres, and Diego Cazorla-Amorós

21.1 Introduction

Catalysis has been crucial for humankind since the dawn of civilization and it is
nowadays a field of research with a prominent interdisciplinary character. The term
“Catalysis” (from theGreekwords “kata” and “lyein”, downand loosen, respectively)
was coined in 1835 by the Swedish chemist Jöns Jakob Berzelius, who is considered
one of the founders of modern chemistry [31], but its discovery date is difficult to
establish [55]. Catalytic processes are traditionally divided into homogeneous and
heterogeneous, the former referring to processes in which the catalyst and reactants
are in the same phase, while heterogeneous catalytic processes take place when
reactants and catalysts are in separated phases. Heterogeneous catalysts are preferred
from the practical application standpoint and they are of crucial importance to the
world’s economy since they are involved in countless applications in the chemical,
pharmaceutical, food, automotive, petrochemical, and energy sectors, among others
[15].

Metal-based catalysts have sparked great interest and important efforts have been
devoted to achieving maximummetal atom efficiency utilization, as well as to ascer-
tain the relationship between the catalytic performance and the features of the metal
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species [37]. Metal species in the form of metal nanoparticles and nanocrystals
are preferred to bulk material due to their large surface area-to-volume ratio and
the subsequent higher reactivities [7]. The consolidated yet burgeoning fields of
nanoscience and nanotechnology have had a great significance in catalysis since
their principles are crucial to tailor the active sites, as well as the site environments
to attain active and selective catalysts for a certain application [30]. It was in the
1980s, with the advent of nanotechnology, that tools for the engineering of the struc-
tural details of the catalysts (i.e. size, shape, and surface properties) become available
[64]. Nowadays, it is well-known that the properties of the metal nanoparticles and
nanocrystals play vital roles in controlling the ultimate performance (activity, selec-
tivity, and stability) of the catalytic systems, and the optimization of these aspects is
still an essential cornerstone of most of the studies tacking with the development of
metal-based catalysts [41].

Core–shell nanostructures have emerged as an interesting approach for the nano-
engineering of the active sites [17]. They consist of an inner corematerial surrounded
by a shell material, each having structural and/or compositional features with dimen-
sions at the nanoscale [13]. Core–shell nanostructures are synthesized by following
the procedures that have traditionally been utilized to prepare nanomaterials, which
are divided into “top-down” and “bottom-up” methods (either with stepwise or
one-pot fashion).

The significance of core–shell nanostructures in catalysis has been linked to the
following advantages: (i) the core can serve as a support for the shell, thus resulting
in the better catalytic performance of the material forming the shell; (ii) synergistic
effect between the core and the shell, which lead to higher efficiency/yield/selectivity;
(iii) combination of the properties of both core and shell [17]. Moreover, certain cata-
lysts based on core–shell nanostructures can display better stability under reaction
conditions than traditionally supported catalysts, which is ascribed to their resistance
against metal leaching and sintering of the active phases. Such aspects are respon-
sible for their unique structural, physical, and chemical properties, which provide
them with great potential in the field of catalysis [13, 18, 63].

Broadly, core–shell structures can be classified by composition or morphology.
As for the composition, core–shell structures can be comprised of inorganic mate-
rials (i.e. metal cores and metal or metal oxide shells, etc.), organic materials (i.e.
polymers or other carbon-containingmaterials, such as carbon nanotubes, fullerenes,
etc.), and inorganic–organic materials (i.e. metal nanoparticles covered by an organic
polymer shell, etc.) [13]. Concerning the morphology of the core–shell structures,
Pérez-Ramírez and Kawi used a general classification which divided the core–shell
nanomaterials into core–shell, yolk–shell/hollow structures, and sandwiched core–
shell structures. These differentmorphologies/structures are schematized in Fig. 21.1
[13].

Paria used a different classification of the core–shell nanostructures, dividing them
into (a) concentric spherical core–shell nanoparticles; (b) different shaped core–shell
nanoparticles; (c)multiple core nanoparticles formed by a single shellwhich is coated
into various cores; (d) concentric nanoshells; and (e) moveable core particle within
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Fig. 21.1 Scheme of types of core–shell structures based on morphology. Reprinted with
permission from Das et al. [13]. Copyright 2020, Royal Society of Chemistry

a uniformed hollow shell particle [19]. Varma et al. reported a more recent classifi-
cation of core–shell nanoparticles, which was based on the properties of the shell.
Attending to Varma´s classification, the following types of core–shell nanoparti-
cles can be distinguished: (a) hollow-core–shell, (b) core-multishell, and (b) core-
porous-shell [17]. There is a wide field of research dealingwith core–shell nanostruc-
tures with different compositions and morphology, which have been documented in
numerous studies [13, 18, 23, 59, 62]. Due to their importance, the present Chapter
is addressed to review a selection of recent studies on core–shell-based catalysts and
electrocatalysts comprised of Pd@oxide and Pd@Metal nanostructures.
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21.2 Pd-Core Nanocatalysts Formed by Pd@oxide

Some of themost profusely investigated examples of Pd-core structures lie within the
category of inorganic oxide shell-based nanomaterials, with SiO2, TiO2, and CeO2 as
the most investigated options. These structures attain enhanced performances which
are often related to the stabilization of the Pd nanoparticle’s active sites within the
oxide shell or ligand effects resulting from the presence of additional functional
groups in the oxide. Pd@oxide structures can be tuned in terms of both Pd character-
istics (i.e. size, morphology, etc.) and oxide properties (i.e. porosity, shell thickness,
etc.), whichwould ultimately affect the final catalytic performance for a certain appli-
cation. Reactions of diverse nature (i.e. hydrogenations, oxidations, reductions, etc.)
have been reported to be boosted by those Pd@oxide nanostructures, which usually
attain better performance than those achieved by the oxide-supported counterparts.

In this line, Lee et al. evaluated the performance of a Pd core-porous silica shell
catalysts (Pd@SiO2) in the direct synthesis of H2O2 from hydrogen and oxygen
[32]. That catalyst showed enhanced performance compared to the supported cata-
lyst, which was related to the porosity of the shell, which allowed the reactant to
reach the Pd cores, as well as the resistance of Pd cores against leaching under the
acidic reaction conditions used. The same group further extended that investigation
by assessing amore complex system comprised of Pd nanoparticles embeddedwithin
a shell oxide formed by SiO2-Al2O3 (Pd@SiO2–Al2O3), which displayed enhanced
performance compared to that of Pd@SiO2 [46]. Domínguez-Domínguez et al. [14]
reported on the preparation of MCM-41 and Al-MCM-41 (with a SiO2/Al2O3 ratio
of 25) in presence of as-synthesized Pd nanoparticles. In that study, Pd nanoparticles
were prepared using reduction by the solvent process (known as polyol method) with
ethylene glycol acting as both solvent and reducing agent, and polyvinylpyrrolidone
(PVP) as capping agent. The performance of those catalysts (denoted as Pd/MCM-
41_s.s. and Pd/Al-MCM-41_s.s, respectively) in the semihydrogenation of pheny-
lacetylene to styrene was compared to those of Pd/MCM-41 and Pd/Al-MCM-41,
which were prepared by a traditional impregnation method using the same pre-
synthesized Pd nanoparticles. Due to the synthetic steps, the average Pd nanoparticle
size was much larger in Pd/Al-MCM-41_s.s and Pd/Al-MCM-41_s.s (11.25 and
12.86 nm, respectively) than in Pd/MCM-41 and Pd/Al-MCM-41 counterpart cata-
lysts (2.81 and 3.10 nm, respectively), which turned out to be beneficial for the
catalytic performance displayed in the application studied in that work. Yue et al.
prepared Pd@mesoporous silica core–shell nanocatalysts with Pd nanocubes to be
evaluated in the dry reforming of methane [60]. It was observed that the core–shell
structure exhibited extraordinary thermal stability and coking-resistant ability, thus
affording better performance than Pd cubes and Pd nanoparticles loaded onto SiO2. It
was also seen that the mesoporosity of the shell played a beneficial role by enhancing
the contact between reactants and Pd cores.

Mitsudome et al. synthesized core–shell nanocomposites of Pd nanoparticles
covered with a dimethylsulfoxide (DMSO)-like matrix on the surface of SiO2

(Pd@MPSO/SiO2) (MPSO=methyl-3-trimethoxysilylpropylsulfoxide) [39]. In that
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case, the alkyl sulfoxide network contained in the shell served as a macroligand
and allowed the selective access of alkynes to the Pd nanoparticles active sites, so
that selective semihydrogenation of alkynes was achieved. Hu et al. prepared size-
controlled Pd@SiO2 core–shell nanocatalysts comprised of Pd cores with a nanopar-
ticle size of 3.7 nm and mesoporous SiO2 shells with a thickness from 10 to 30 nm
[24]. Those nanostructures were achieved by using tetradecyl trimethyl ammonium
bromide (TTAB) as the template for hydrolysis of the precursor of SiO2 (TEOS).
Since the pH of the synthesis solution affected the hydrolysis kinetics of TEOS, the
structure of the Pd@SiO2 nanocatalysts depended on the pH, and it was observed
that increasing pH values led to the increasing thickness of the SiO2 shells. The shell
thickness was also depended on the ratio of TEOS/Pd used in the synthesis. The
developed catalysts were used for the oxidation of CO at high temperatures, as well
as for the hydrogenation of nitrobenzene. The results of the catalytic tests indicated
that the sample with a shell thickness of 17.5 nm and pore size of 2.2 nm was very
promising for both applications and exhibited good thermal stability, being suitable
for long time use. Chen et al. reported a strategy to control the size of the Pd cores
in Pd@SiO2 catalysts, which was based on the utilization of different functional
molecules, potassium bromide (KBr), cetyltrimethyl ammonium bromide (CTAB),
and sodium citrate dihydrate (SC) [12]. The resulting catalysts had Pd size following
the order PdCTAB > PdKBr > PdSC. It was also seen that the addition of such functional
molecules had an important effect on the catalytic activity in the synthesis of H2O2

from hydrogen and oxygen, which was attributed to the different adsorption ability
of the low coordinated Pd sites on the surface of the particles and the subsequent
restrain side reactions.

Cai et al. prepared stable Pd@CeO2 catalysts via a hydrothermal approach using
H2O2 as an oxidant, citric acid as a complexing agent, and urea used to adjust the
formation rate of hydrogen peroxide radicals [5]. The activity of those samples was
assessed for the combustion ofmethane while analyzing the effect of themorphology
of the catalysts and the chemical state of Pd. Highly dispersed and stabilized PdO
specieswere detectedwithin theCeO2 shell. Itwas claimed that the porousCeO2 shell
favoured the full contact between reactants and PdO active sites, which preserved
the catalytic activity for 50 h on-stream reaction at 500 °C. Wang et al. developed
Pd@CeO2 core–shell nanostructureswith a tunable Pd core size, and shape, aswell as
with a controlled thickness of the CeO2 sheath [53]. A biomolecule-assisted method
was applied using L-arginine as a capping agent to promote the self-assembly of
oxide nanosheets on Pd cores with various morphologies (i.e. Pd cubes@CeO2, Pd
octahedra@CeO2, Pd cuboctahedron@CeO2, and Pd nanowire@CeO2). L-arginine
had a crucial role in linking Pd and CeO2 components, as well as serving as an
adhesive to attain the assembly of the CeO2 sheaths. Those nanostructures were
supported on Al2O3 and the resulting heterogeneous catalysts were evaluated for the
reduction of NO with CO so that the effect of the size and shape of the Pd core was
analyzed. It was observed that Pd cube@CeO2/Al2O3 with 6 nm Pd cubes displayed
the best performance among prepared in that study.

Cargnello et al. designed catalysts based on Pd-core and CeO2 shell homoge-
neously deposited on a modified hydrophobic Al2O3 (Pd@CeO2/H-Al2O3) [9]. In
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that case, two active building blocks (i.e. Pd and CeO2) were prepared separately
and subsequently self-assembled and organized in solution to form supramolecular
core–shell nanostructures held together by metal ion-ligand coordination interac-
tions. After that, Al2O3 surface was modified to make it hydrophilic by reacting it
with an organosilanetriethoxy(octyl)silane (TEOOS), which had greater adsorption
of Pd@CeO2 compared to the raw Al2O3. That catalytic system showed excep-
tionally high oxidation of methane, with complete conversion below 400 °C and
excellent thermal stability under demanding conditions. Inspired by that study, Ali
et al. designed catalysts formed by Pd@TiO2 and Pd@CeO2 core–shell supported
over functionalized Al2O3 for their application in the oxidation of methane [2].
Better results were achieved for Pd@CeO2/SiO2.Al2O3 catalyst compared to the
TiO2-containing counterpart, reaching complete combustion of methane at around
400 ºC, while ∼550 °C was needed in the case Pd@TiO2/SiO2.Al2O3. The excellent
performance of Pd@CeO2/SiO2.Al2O3 was attributed to the close Pd-CeO2 contact
and the efficient oxygen back-spillover at Pd and CeO2 interface resulting from the
core–shell structure.

Pi et al. compared the performance of Pd@SiO2, Pd@CeO2, and Pd@ZrO2

supported on Si-modified Al2O3 towards the combustion of methane [42]. The
enhancement observed for Pd@oxide/Si-Al2O3 as compared with Pd/Si-Al2O3 was
attributed to the oxidation state of Pd species, and the PdOx/Pd0 mixed-phase was
identified as the principal active phase for the combustion of methane. Moreover,
the core–shell structure was claimed to be beneficial for oxidation activity. Among
investigated, Pd@SiO2 catalyst showed the highest activity in the presence of high
concentrations ofwater vapour. Chen et al. checked the performance of Pd@ZrO2/Si-
Al2O3 for the oxidation of methane [10]. According to the observations of that
study, Pd@ZrO2-based catalysts displayed similar activity than Pd@CeO2 counter-
parts in dry conditions, but Pd@ZrO2 was more promising since it did not undergo
deactivation in the presence of steam at high temperatures.

Zhang and Xu reported on the preparation of hollow core–shell nanocompos-
ites formed by small Pd nanoparticle cores encapsulated within CeO2 hollow shell
(Pd@hCeO2) [63]. A combination of sol–gel and hydrothermal processes was used
for the preparation of the catalysts by following the experimental approach schema-
tized in Fig. 21.2. Pd nanoparticles were loaded onto the surface of carbon spheres,
which were previously synthesized from glucose. Ce3+ was loaded by interacting
with the negatively charged carbon-Pd composites, and CeO2 shell was subsequently
formed after a hydrothermal treatment followed by a calcination step. The resulting
Pd@hCeO2 catalyst showed enhanced activity and great stability in the thermo-
catalytic and photocatalytic selective reduction of aromatic nitro compounds, which
were related to its anti-aggregation and anti-leaching ability compared to thePd/CeO2

counterpart catalyst.
Adijanto et al. prepared Pd@CeO2 core–shell structures (formed by 2 nm diam-

eter Pd core surrounded by a 3 nm thick porous CeO2 shell) grafted onto a yttria-
stabilized zirconia (YSZ) support, which was functionalized with a deposited layer
of triethoxy(octyl)silane to achieve a good dispersion of the Pd@CeO2 on it [1].
It was observed that Pd cores showed outstanding stability against agglomeration.
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Fig. 21.2 Schematic illustration for fabrication of Pd@hCeO2 core–shell nanocomposite: (I)
Synthesis of carbon sphere template; (II) Preparation of colloidal Pd nanoparticles; (III) Fabri-
cation of carbon-Pd-Ce(III) nanocomposites via a hydrothermal treatment; (IV) Preparation of
Pd@hCeO2 core–shell nanocomposite with inner hollow space by a calcination process. Reprinted
with permission fromZhang andXu [63]. Copyright 2013,AmericanChemical Society Publications

Fig. 21.3 Morphologies of Pd and Pd@Au NPs along with their catalytic properties. Bright-field
TEM images of a Pd, b Pd@Au (1 nm), c Pd@Au (3 nm), and d Pd@Au (5 nm). The insets of b–d
are high-resolution EDS images (green: Au, red: Pd) recorded from each core–shell nanoparticle. e
Catalytic properties were evaluated from various NPs in terms of H2 conversion, H2O2 selectivity,
and H2O2 productivity. Reprinted with permission from Kim et al. [28]. Copyright 2019, American
Chemical Society Publications

Furthermore, it was also claimed that the CeO2 shells were more easily reduced than
the bulk counterpart, which was related to the enhanced performance observed for
Pd@CeO2 core–shell structures as catalysts for the oxidation ofCH4. Li et al. checked
the high-temperature hydrothermal stability of core–shell Pd@Ce0.5Zr0.5O2/Al2O3

catalyst for its application in automotive three-way catalytic reactions (TWC) [33]. It
was observed that Pd@Ce0.5Zr0.5O2/Al2O3 system exhibited better performance and
stability than those of Pd/Al2O3, Pd@CeO2/Al2O3, and Pd@ZrO2/Al2O3 catalysts.
Pd species did not aggregate upon calcination at 1050 °C in the presence of 10%
water, and Pd-core and Ce0.5Zr0.5O2-shell interface in of Pd@Ce0.5Zr0.5O2/Al2O3

catalyst had a key role in enhancing the catalytic performance for the TWC. The
same research group evaluated the activity of moisture treated Pd@CeO2/Al2O3 and
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Pd/CeO2/Al2O3 catalysts for the same application, confirming also the positive role
of the core–shell structure [34].

The properties of Pd@oxide core–shell nanostructures can be also tuned by
incorporating additional components which endow the final materials with inter-
esting properties for the target application. For instance, Cargnello et al. designed
a catalytic system formed by multiwalled carbon nanotubes (MWCNTs) embedded
insidemesoporous layers of oxides (TiO2, ZrO2, orCeO2),which containeddispersed
metal nanoparticles (Pd or Pt) [8]. MWCNTs-free catalysts were also prepared as
reference samples. The resulting materials were applied in different catalytic reac-
tions based on the composition of the oxide: CeO2-based catalyst was used for the
water–gas shift reaction (WGS), TiO2-basedmaterial was tested in the photocatalytic
production of H2, and ZrO2-based catalyst was assessed in the Suzuki coupling reac-
tion. The results of the catalytic tests revealed that MWCNTs played an important
role in organizing the core–shell units forming accessible architectures. Additionally,
it was also claimed that MWCNTs were also important for the photocatalytic appli-
cation, in which they improved the lifetime of the electron–hole pairs by delocalizing
the photogenerated electrons. Zhao et al. investigated the performance of core–shell
structure formed by magnetic Fe3O4 microsphere loaded with Pd nanoparticles and
coated by a porous anatase-TiO2 shell (Fe3O4-Pd@TiO2) [67]. It was observed that
Fe3O4-Pd@TiO2 displayed high photocatalytic activity towards the selective reduc-
tion of aromatic cyanides to aromatic primary amines, as well as excellent reusability
and recovery of the catalyst from the reaction medium, which was attributed to the
magnetic properties of Fe3O4. Also, the core–shell structure was responsible for the
resistance of Pd nanoparticles against leaching during the reaction tests. Liu et al.
prepared Pd-NiO@SiO2 core–shell mesoporous nanocatalysts composed of Pd-NiO
heteroaggregate nanoparticle cores of ~4 nm and mesoporous silica shells ~17 nm,
and they were tested in the p-chloronitrobenzene hydrogenation with H2 [36]. That
catalyst showed better performance than those of PdNi@SiO2 and Pd@SiO2, which
was attributed to the role of the Pd-NiO interfaces in promoting the activity and
selectivity of the materials.

Aside from the traditional Pd@oxide core–shell nanocatalysts described above,
particles formed by Pd@PdO core–shell structures could be encompassed in this
section. Examples of this are the studies of Jiang [27] andGuerrero-Ortega [20]. Jiang
et al. reported the preparation of N-doped graphene-supported Pd@PdO core–shell
clusters of 1–2 nm (Pd@PdO-NDG), which were assessed in the Suzuki–Miyaura
reaction using phenylboronic acid and different substrates [27]. Experimental and
theoretical calculations were combined in that study to check the binding strength
between Pd or PdO clusters and N-doped graphene of N-free graphene. It was
claimed that Pd or PdO clusters were physisorbed on graphene, while strong covalent
chemical adsorption took place between PdO clusters and N-doped graphene. Such
strong interaction was responsible for the control of the cluster size, with N atoms
serving as local heterogeneous Pd nucleation sites. As for the catalytic results, it
was observed that PdO layer located on the surface of the catalyst displayed high
reactivity, which was related to the strong bonding interaction with the substrate
molecules. Pd@PdO-NDG catalyst also showed a great stability, preserving the
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Pd@PdO core–shell structure and its stability after five reaction runs. In the case
of Guerrero-Ortega et al., Pd@PdO core–shell nanoparticles supported on Vulcan
carbon XC-72R were prepared [20]. Those catalysts were synthesized from a one-
pot synthesis using bis(dibenzylideneacetone) palladium (0) and subsequent heat
treatment at 400 ºC in air for 2 h to achieve the Pd@PdO structure. A PdO-free coun-
terpart catalyst was also prepared for comparison by avoiding the heat-treatment step.
The developed materials were assessed in the methanol electrooxidation in alkaline
medium. It was observed that the heat-treated catalyst displayed better performance,
which was attributed to the core–shell array and the interaction between Pd and
PdO species, which promotes a major number of electrochemical active sites on the
surface of the nanoparticles. It was also claimed that the core–shell structure had a
positive effect in the redox process, showing good stability and resistance against
poisoning by adsorption of species.

21.3 Pd-Core Nanocatalysts Formed by Pd@Metal

Core–shell nanostructures formed by Pd cores and different metal shells have
received tremendous hope credited to their multiple possibilities and synergistic
effect between the two metals arranged in the nanostructures. These core–shell
bimetallic nanoparticles are one of the patterns in which bimetallic nanoalloys
are divided into (i.e. core–shell alloys, sub-cluster segregated alloys, ordered and
random homogeneous alloys, and multi-shell alloys) [45]. Such core–shell struc-
tures afford better control over the local atomic structure of the active sites than
alloyed nanoparticles [54].

Examples of Pd@Metal nanostructures in whichM can be either a precious metal
or a non-precious metal are included in this section.

21.3.1 Pd@Precious Metal Core–Shell Catalysts

Precious-metal-based core–shell nanostructures have received significant attention
in the past few decades because they are a platform for optimizing both catalytic
performance and atomic utilization efficiency while retrenching the use of expensive
noble metals. Important aspects, such as the coordination number, lattice strain, and
electronic structure, which play a crucial role in controlling the catalytic performance
of core–shell catalysts, depend to a great extent on the shell thickness. Broadly, noble-
metal-based core–shell nanostructures can be classified into the following types: [18]
(a) core–shell noble metal nanomaterials, which are formed by an ultrathin shell
(2–6 atomic layers) which conformationally encapsulates an inner core of another
metal; (b) Core-monolayer shell, formed by a nanocrystal core encapsulated with a
monolayer of a different metal; and (c) Single-atom alloys, which are formed when
isolated atoms of a metal are monodispersed on an array of a second metal.
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One of the most widely reported compositions of Pd@Precious Metal is
that formed by Pd@Au nanostructures with different morphologies, which have
shown to display excellent performance in numerous catalytic and electrocatalytic
applications.

Cai et al. reported on Pd@Au core–shell nanostructures with tunable Au thick-
ness which were supported on TiO2 and served as cocatalysts in the solar-driven
photocatalytic reduction of CO2 [6]. It was claimed that the core–shell configura-
tion was optimum to induce the largest lattice strain, providing the maximal inter-
facial area for the polarization of the charge and maximizing the surface area for
the reaction. It was observed that the catalysts with Au thickness of three atomic
layers achieved a high average reaction rate and high selectivity for CO. Bathla et al.
reported on the preparation of Pd-core Au shell nanocatalysts loaded to TiO2, which
were obtained by a galvanic replacement reaction, resulting in plasmonic Pd@Au-
TiO2 heterojunction [3]. Various Pd:Au weight ratios (i.e. 1:1, 1:2, and 1:3) were
used, which resulted in different average particle sizes (i.e. 25 nm, 38 nm, and 57 nm,
respectively), and the obtained photocatalysts were assessed in the cinnamaldehyde
hydrogenation. Bimetallic core–shell structures displayed better performances than
the monometallic catalysts. It was observed that the photocatalytic activity depended
on the sell thickness (i.e. weight ratio ofAu), being optimum for Pd1@Au2-TiO2 with
a Pd:Au weight ratio of 1:2. Upon irradiation of Pd@Au-TiO2, the localized surface
plasmon resonance (LSPR) of Au promotes the photoelectrons migration from the
conduction band to the valence band of TiO2. The carbonyl group of cinnamaldehyde
is adsorbed selectively on the electron rich TiO2 phase. The difference in electronega-
tivity led to synergistic Pd-Au interaction and favoured the fragmentation of isopropyl
alcohol to the alkoxide.

Raghavendra et al. fabricated Pd@Au nanoparticles on the surface of reduced
graphene oxide (RGO) support by using a two-step protocol: (1) Synthesis of Pdcore-
Agshell bimetallic nanoparticle on RGO by reducing the Pd2+ and Ag+ with methyl
ammonia borane; (2) Fabrication of Pdcore-Aushell nanoparticles via galvanic replace-
ment strategy involving sacrificial oxidation of metallic silver and reduction of gold
ions [44]. The resulting materials were used as electrocatalysts for the oxygen reduc-
tion reaction (ORR), showing enhanced performance compared to a commercial Pt/C
and reference Pd/RGO and Au/RGO catalysts, which was attributed to the optimized
core–shell arrangement formed by small Pd core and thinAu shell, and the synergistic
effects of both components.

Other studies evaluated the activity of unsupported Pd@Au nanostructures. This
is the case of Zhao et al. [65] who prepared Pd@Au core–shell nanotetrapods and
checked their activity towards the hydrogenation reduction of nitro functional groups,
or Zhang et al. [61] who synthesized Pd@Au core–shell nanocrystals with concave
cubic shapes, which were checked in the cathodic electrochemiluminescence reac-
tion of luminol and H2O2. Kim et al. recently reported an interesting study on the
use of strained ultrathin Au shell layers on Pd nanoparticles for the direct synthesis
of H2O2 [28]. To carry out that research, Pd@Au nanostructures with different shell
thicknesseswere prepared to analyze themicrostructural features of theAu shells and
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measure the lattice strains as a function of the thickness and crystallographic orienta-
tion of the shell. Moreover, Density-functional theory (DFT) calculations were used
to determine the electronic structures of the shell to ascertain how both the effect
of lattice strain and charge transfer made the Au shell catalytically active for the
synthesis of H2O2. The nanostructures were comprised of Pd cubes of side lengths
of ~10 nm and Au shell with a thickness of 1, 3, and 5 nm. The performance of the
catalysts was evaluated in terms of conversion of H2, H2O2 selectivity, and H2O2

productivity via the direct synthesis of H2O2. Figure 21.3 contains representative
micrographs of the nanostructures together with their catalytic performance. It was
observed that Pd@Au (1 nm) and Pd@Au (3 nm) catalysts, with strained Au layers,
exhibited catalytic properties for the conversion of H2 during the direct synthesis of
H2O2, while bulk Au was not active. Besides, Pd@Au (1 nm) had better H2O2 selec-
tivity than monometallic Pd catalyst, indicating that O2 dissociation was hampered
by the Au layer so that Pd@Au catalysts overcome the low selectivity linked to the
dissociation of O2.

Hu et al. succeeded in the development of Pd@Au catalysts formed byAu surface-
modified Pd concave nanostructures for their application in the selective styrene
oxidation with molecular oxygen [22]. It was claimed that the Pd crystals surface
were the active sites for the activation of O2 molecules, while the alloyed Pd-Au sites
modified the activation of O2 so that the activity and selectivity towards the oxidation
of styrene could be controlled by tailoring the atomic arrangement of Pd and Au in
the nanostructures. Catalystswith various compositions (i.e. Pd@Au0.06, Pd@Au0.08,
Pd@Au0.12, and Pd@Au0.16) were prepared by galvanic replacement between Pd
nanostructures and HAuCl4, and using different concentrations of Au precursor.
Nanocatalystwith a composition of Pd@Au0.08 achieved a selectivity of 87% towards
the main products (i.e. styrene oxide and benzaldehyde) and a conversion of 44% in
the aerobic oxidation of styrene.

Luo et al. investigated the electrocatalytic performance of PdAu catalysts with
variable atomic ratio (i.e. Pd/Au ratio of 2/1, 1/1, 1/2, and) for the oxidation of
methanol [38]. It was observed that themorphology of the particles depended on their
composition; Pd2Au with a nanoflower core–shell structure, PdAu with nanochain
and network structure, and PdAu2 with solid and hollow nanosphere shape were
synthesized. Nanoflower-like core–shell catalysts exhibited the best performance
due to the high electrochemical active surface area (ECSA) and the presence of
more active sites. Wang et al. also prepared Pd-based core–shell electrocatalysts for
the oxidation of methanol [51]. They reported on the preparation of Pd@Au and
Pd@Pt nanostructures, which were synthesized from (AcO)2-Pd-(DMSO)2 micro
rods with well-definedmorphology preparedwith dimethyl sulfoxide (DMSO) as the
organic ligand, and performing a subsequent heat treatment combined with galvanic
replacement. The resulting materials showed better performance for the oxidation of
methanol in alkaline media than a commercial Pd/C catalyst.

Pd@Pt nanostructures have also been explored for the oxidation of methanol.
For instance, Kim et al. reported on star-shaped Pd@Pt core–shell catalysts
supported RGO (Pd@Pt/RGO) [29]. That catalyst, as well as reference materials
(i.e. PdPt/RGO, Pt/RGO, and Pt/C), were evaluated in the oxidation of methanol in
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an alkaline solution, achieving better performance, in terms of onset potential, current
density, stability, and the charge transfer rate for Pd@Pt/RGO catalysts. Xu et al. also
checked the activity of Pd@Pt core–shell structures in the oxidation of methanol,
using, in this case, hydrangea-like core–shell structures supported on graphene [58].
Those catalysts exhibited better activity, stability, and tolerance of CO than the alloy
PdPt counterpart catalysts and a commercial Pt/C sample.

Aside from that reaction, other oxidation reactions are catalyzed by Pd@Pt nanos-
tructures. In this line, Xiao et al. checked the activity of carbon-supported Pd@Pt
cubes with low Pt content for the oxidation of formic acid [56]. To achieve such
core–shell structures, a direct seed-mediated growth was used by doing continuous
injections of the Pt precursor to the solution which contained the Pd cores. Catalysts
with various Pt contents (i.e. K2PtCl4 concentration used in the synthesis from 0.2
to 20 at.%) led to nanoparticles with very similar sizes (10–11 nm) and different
morphologies (from cubic to concave cubic) originated from the anchoring of Pt to
the corners of the cubes. It was observed that the Pd@Pt catalyst with a very low Pt
content of 0.4 at.% displayed much higher activity than a commercial Pt/C catalyst.

Pd@Pt nanocatalysts with various morphologies have received interest for their
application in various reactions. For example, Wang et al. prepared octahedral,
rhombic dodecahedral, and cubic Pd@Pt nanoparticles for the oxidation of glucose.
[52] Li et al. obtained Pd@Pt nanodots and reported their activity towards the ORR,
[35] and Zhao et al. investigated the performance of Pd@Pt tetrapods in the ORR
[66]. Some other interesting studies on the application of Pd@Pt catalysts for the
ORR are also found in the recent literature. This is the case of the study addressed by
Zheng et al., who prepared Pd@Pt/C catalysts by using a sequential sonochemical
synthesis and short synthesis times, and the developed catalysts were evaluated in
the ORR , showing promising activities [68].

Interesting works to get insight into the formation of Pd@Pt nanostructures have
also been reported. For instance, Qi et al. designed a strategy to control the surface
evolution of Pd@Pt core–shell structures by adjusting the pHof the synthesis solution
to control the reducing ability of the reducing agent (i.e. ascorbic acid) and finally
manipulating the supersaturation in the reaction system [43]. It was observed that by
increasing the pH value, the surface structure of Pd@Pt nanocrystals changed from a
Pt {111} facet-exposed island shell to a conformal Pt {100} facet-exposed shell. That
study contains TEM imaging of the reaction-time-dependent morphology evolution
to get insight into the growth mechanism of the Pd@Pt core–shell nanostructures.
They fixed the initial reaction time when the ascorbic acid was added to the solution
and monitored the changes in the morphology of the particles in two different condi-
tions (i.e. low and high saturation). It was observed that for a low saturated solution,
30 min were needed for the deposition of small Pt nanoislands on the surface of Pd
particles, and the Pt nanoislands were completed at 120 min. However, in the case
of high saturated solutions, the Pd@Pt core–shell structure was formed after 5 min
and the reaction was finished within 10 min. A detailed analysis by High Angle
Annular Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM)
and element mapping was performed to check the resulting surface structure of those
Pd@Pt nanostructures in both low and high saturated conditions (See Fig. 21.4). It
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Fig. 21.4 STEM, elemental mapping, and HRTEM images of Pd@Pt core-island shell NCs (a,
c) and Pd@Pt core-conformal shell nanocatalysts (b, d). Reprinted with permission from Qi et al.
[43]. Copyright 2016, Royal Society of Chemistry

was observed that the Pt island achieved at low saturation had a truncated pyramidal
shape, which exposed minor {100} facets at the upmost surface and mainly {111}
facets on the four sides of the islands (Fig. 21.4c). However, Pd@Pt core-conformal
shell NCs with Pt {100} facets exposed were achieved for a higher supersaturation
(Fig. 21.4c). Both types of core–shell structures (i.e. Pd@Pt core-island shell and
Pd@Pt core-conformal shell) were assessed in ORR and the electrocatalytic results
indicated that Pd@Pt core-island shell nanocatalyst displayed better activity and
favourable long-term stability toward ORR in alkaline media, which was attributed
to both the enlargement in the proportion of the ORR active Pt {111}facets on the
surface of the catalyst and the synergistic effect between Pd and Pt by the core–shell
arrangement.

Zhou et al. performed theoretical calculations with DFT to understand the mech-
anism involved in the formation of the core–shell Pd@Pt structure, which is summa-
rized in Fig. 21.5 [69].According to the study, itwas suggested that the as-synthesized
Pd@Pt1L (1L: one atomic layer) core–shell nanoparticleswould have a slightlymixed
composition on the surface and that the seed terraces would be covered with a Pt
overlayer in later stages of the synthesis.

Even though Pd@Au and Pd@Pt have possibly received the greatest interest
among Pd@Precious-metal catalysts, some other compositions of the nanostruc-
tures have also sparked attention in the scientific community. Among them, Pd@Ag
catalysts have merited numerous studies for their multiple applications.

One of the studies that deserve mention is that of Sun et al., who reported an
extraordinary study in which catalysts based on highly dispersed and surfactant-
free Pd@Ag particles were developed within the cell of Spirulina platensis (Sp.)
[49]. The synthetic protocol used encompassed various steps: (1) Treatment of Sp.
Cells with HCl to enhance their permeability; (2) Penetration of Pd in the cell
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Fig. 21.5 a Schematic illustration of the growth mechanism of Pd@Pt1L octahedral nanocrystals:
(1) nucleation and growth of Pd octahedra with truncation at the corners; (2) selective deposition
of Pt atoms on the edges of the Pd truncated octahedra; (3) surface diffusion of the deposited Pt
atoms to generate Pd@Pt1L octahedra with sharp corners. b–e DFT calculated pathways for Pt
and Pd diffusion across the edge model: green and black arrows represent diffusion (via hopping
or substitution) of a Pt and a Pd atom, respectively. Reprinted with permission from Zhou et al.
[69]. Copyright 2019, American Chemical Society Publications. Copyright 2016, Royal Society of
Chemistry

envelope, which served as catalytic seeds for the deposition of Ag; and (3) Elec-
troless silver deposition. Various catalysts were prepared using different feeding
times of Ag precursor (silver ammonia solution) to 1 g of activated Sp. cells
(2.5, 5, and 7.5 to 15 mL, corresponding to (Pd@Ag)@Sp-2.5, (Pd@Ag)@Sp-5,
(Pd@Ag)@Sp-7.5, and (Pd@Ag)@Sp-15 catalysts, respectively). The applicability
of the resultingmaterialswas evaluated in the reductionof 4-nitrophenolwithNaBH4,
being (Pd@Ag)@Sp-5 the most promising catalyst among investigated in that study.
Its performance was compared to that achieved by some reference materials and it
was claimed that its superiority was due to several reasons, such as the synergistic
effect of the Pd core and the Ag layer of preferable thickness, and the homogeneous
cross-linked structure of cell matrix which ensured the good dispersion of small
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Pd@Ag nanoparticles and protected them from aggregation during the reaction,
among others.

An example of Pd@Ag catalysts used in hydrogenation reactions is also that
reported by Mitsudome et al., who used core-Pd/shell-Ag nanocomposite with
various Ag/Pd ratios (i.e. 0.10, 0.15, 0.20, 0.25, 0.50) for the selective semihydro-
genation of alkynes [40]. The good activity and selectivity achieved by that catalysts
were ascribed to the complementary Pd-Ag relationship in the core–shell structure. It
was claimed that the Pd core improved the activity ofAg shell by acting as a hydrogen
source, while the Ag shell improved the selectivity of the final catalytic system. Han
et al. prepared TiO2-supported Pd@Ag catalysts for the selective hydrogenation of
acetylene in excess ethylene [21]. In that study, a sequential photodepositionmethod,
with methanol as the electron donor, was used to synthesize catalysts with various Pd
and Ag contents. Additionally, a reference sample was prepared by a conventional
impregnation method. CO chemisorption experiments were used to confirm that, for
the same composition of the particles, a more effective covering of the Pd sites was
achieved by using the photodeposition method, which led to the blocking of the high
coordination sites of the Pd cores and results in catalysts with improved ethylene
selectivity for the catalytic acetylene hydrogenation.

21.3.2 Pd@Non-precious Metal Core–Shell Catalysts

Despite the great performance achieved by precious-metal-based catalysts, it is well-
known that their main limitation is the scarcity of those metals so that introducing
a different transition metal in the core–shell nanoparticles is highly desirable. From
the economic viewpoint, the synthesis of core–shell nanocatalysts having a noble
metal core and inexpensive metal shell is very interesting because it is an alternative
to reduce the final use of noble metals, as well as to avoid their loss via leaching, and
retaining, or even enhancing, the catalytic activity [17]. The synergistic effect in the
core–shell depends on the metals and the way they are combined so that it is crucial
to select two metals meticulously to obtain the desired properties of the final system.
Due to the potential of PdCo and PdNi bimetallic nanostructures in catalysis, Co
and Ni-based catalysts are among the most fruitfully investigated Pd@Non-Precious
Metal core–shell catalysts and they are the focus of the present section.

As it is well-known, controlling the oxidation state of those transition metals
under certain reaction conditions can be somehow challenging. However, it has
been observed that the engineering of bimetallic Pd@Non-Precious Metal core–
shell structures can be a promising approach to stabilize certain species. In this
sense, Gopinath et al. recently reported an interesting study on the evolution of
the electronic structure and morphology of Pd@Co nanocatalysts with different
compositions (i.e. Pd:Co ratio of 2:1, 1:1, and 1:2) under oxidation and reduction
conditions [25]. For that, the surface electronic, chemical, and structural changes
during annealing under reducing and the oxidizing atmosphere was analyzed by



358 M. Navlani-García et al.

X-ray photoelectron spectroscopy (NAPXPS), while the morphological modifica-
tions were checked by high-resolution transmission electron microscopy (HRTEM).
The results achieved indicate that the surface electronic structure of the catalysts
could be tailored by performing variable-temperature reduction and oxidation treat-
ments. Under reducing atmosphere, hydroxide and oxide species transformed into
metallic cobalt at a temperature above 127 ºC. However, oxidizing annealing did
not modify the metallic percentage, but CoO and Co(OH)x transformed into spinel
Co3O4 species. The control of the oxidation state of cobalt species was attributed to
the role of Pd-Co interface in stabilizing the desirable oxidation state of cobalt. As
for the morphology, it was demonstrated that the catalysts were thermally stable at
least up to 300 ºC and neither changes in size nor shape were observed. The same
research group also reported on the preparation of Pd@Co nanocatalysts with tuned
core and shell thickness [26]. The Co-shell thickness had an effect on the species or
Co present on it (i.e. higher thickness led to the formation of oxidation/hydroxylation
because of the vanishing influence of Pd-Co interface at the surface. In that study,
they attempted at preparing dual-functional catalysts which were able to catalyze
reactions based on selective alkyne hydrogenation to alkene and olefin oxidation
to epoxide. It was observed that the catalyst with Pd/Co ratio of 1/1 was optimum
among investigated.

Interesting studies in which classic supports have been used in the preparation of
Pd@Co core–shell-based catalysts can be found in the literature. Xie et al. prepared
Pd@Co catalysts with various compositions of the nanoparticles (i.e. Co/Pd molar
ratio) = 2.4–13.6) and an average size of 3.5–4.5 nm, which were supported on
three-dimensionally ordered macroporous CeO2 (3DOM CeO2), and applied in the
oxidation ofmethane [57]. Among investigated, that catalyst with a Co/Pd ratio of 3.5
exhibited the best performance, which was related to its good oxygen and methane
adsorption ability and the unique core–shell arrangement. Wang et al. reported on
the synthesis of graphene-supported Pd@Co core–shell nanoparticles as efficient
catalysts for hydrolytic dehydrogenation of ammonia borane [50]. The catalysts were
in-situ synthesized by adding the reducing agent (ammonia borane) into a solution
containing the metal precursors (i.e. Na2PdCl4, Co(NO3)2) and graphene oxide. The
performance of that Pd@Co/graphene catalyst was compared to those of alloyed
PdCo/graphene and graphene-free Pd@Co counterpart. core–shell catalyst displayed
the best performance among those studied in that work, completing the hydrolytic
dehydrogenation of ammonia borane in 3.5 min. That catalyst also displayed good
stability and magnetically recyclability, which made it a promising candidate for
the studied reaction. Chen et al. also studied the performance of Pd@Co core–shell
nanocatalysts in the hydrolytic dehydrogenation of ammonia borane [11]. In that
case, the bimetallic nanoparticles were stabilized in the mesopores of a Cr(III)-based
MIL-101Metal-Organic Framework (MOF). For that, the metal precursors were pre-
incorporated in the MOF and they were in-situ reduced during the catalytic reaction,
leading to the formation of Pd@Co nanoparticles with an average size of 2.5 nm
which were mostly embedded within theMOF structure thanks to the diffusion of the
metal precursors into the cavities of MIL-101 by a double solvent approach (DSA).
Different structures (i.e. Pd@Co@MIL-101 with embedded Pd@Co nanoparticles,
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Pd@Co/MIL-101 with Pd@Co nanoparticles deposited on the external surface of
MOF, and PdCo@MIL-101 with PdCo alloy nanoparticles inside MOF pores) were
achieved by changing the experimental conditions in terms of the reducing agent
(i.e. NaBH4 as a strong reducing agent or NH3BH3·as a mild reducing agent able to
reduce only Pd precursor), and presence of a pre-incorporation step. The synthetic
approach for the development of such nanocatalysts is schematized in Fig. 21.6. The
catalytic test demonstrated the superiority of Pd@Co@MIL-101, especially in terms
of stability.

Feng et al. reported on the preparation ofTiO2-supported Pd@Ni nanocatalysts for
the synthesis of H2O2 [16]. It was observed that Pd@Ni nanocatalysts were not active
towards the synthesis of H2O2, whichwas attributed to the blockage of Pd cores byNi
shell. In the light of that, Pd@NiO-x nanoparticles with porous NiO shell (x = 1, 2,
3, and 4) were prepared by direct thermal annealing of Pd@Ni-x nanoparticles with
controlled annealing temperature and time. It was observed that the heat-treatment
temperature affected the final structure of the catalysts, achieving “solid” and “void”
structures at 250 and 300 ºC, respectively. Those catalysts were denoted as Pd@NiO-
3/TiO2 and Pd@void@NiO-3/TiO2, respectively, and displayed different activity
towards the synthesis of H2O2, with Pd@NiO-3/TiO2 exhibiting better performance
due to the contact between Pd-core and NiO shell. The H2O2 productivity and selec-
tivity were strongly depended on the NiO shell thickness. That study demonstrated
that the catalytic performance of Pd@NiO-x towards the production of H2O2 could
be controlled by modifying the composition of the catalysts. Among investigated,
Pd@NiO-3/TiO2 exhibiting the highest productivity and selectivity to H2O2. Pal
et al. also reported on mesoporous TiO2-supported Pd@Ni catalysts [4]. In that case,
their performance in the photocatalytic hydrogenation of carbonyl compounds was

Fig. 21.6 Synthesis of Pd@Co@MIL-101, Pd@Co/MIL-101, and PdCo@MIL-101 catalysts
by different procedures and reducing agents. Reprinted with permission from Chen et al. [11].
Copyright 2015, Wiley–VCH
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explored and comparedwith that achieved bymonometallic Pd andNi samples. Cata-
lysts with various compositions (i.e. Pd1@Ni1-TiO2, Pd2@Ni1-TiO2, and Pd3@Ni1-
TiO2) were prepared, and Pd3@Ni1-TiO2 showed the most promising results among
studied.

Aside from the composition of the nanostructures, in terms of Pd/metal molar
ratio, the nanoarchitecture of the two metals is an important aspect to be considered.
Shviro et al. developed PdNi alloy, and either Pd@Ni or Ni@Pd nanostructures by
using different metal precursors [47]. They explored the use of both organometallic
and metal-acetylacetonate complexes to get one-pot reactions of either alloyed or
core–shell particles, depending on the kinetics of decomposition/reduction of the
metal precursors. It was observed that the use of Palladium (II) acetylacetonate
(Pd(acac)2) and Nickel (II).

acetylacetonate (Ni(acac)2) led to the formation of Ni surface-rich Pd@Ni nanos-
tructures, while organometallic complex bis-(cyclooctadiene) nickel (0), Ni(COD)2,
and bis-(dibenzylideneacetone)-palladium (0), Pd(dba)2, afforded the preparation
of PdNi nanoalloys, and a mixed option, with Ni(COD)2 and Pd(acac)2 as metal
precursors, formed Ni@Pd core–shell nanoparticles. It was found in that case that
PdNi alloy resulted in better electrocatalytic performance in the hydrogen oxidation
reaction (HOR) alkaline medium. A more complex system was prepared by Sneed
et al. who developed shaped Pd-Ni-Pt core-sandwich-shell nanocrystals and inves-
tigated the influence of Ni sandwich layers on catalytic electrooxidation of formic
acid and methanol [48]. In that case, Pd cubes substrated with two sizes (i.e. 10 and
30 nm) were prepared and subsequently mixed with Ni and Pt precursors in consec-
utive steps so that cubic Pd-Ni-Pt core-sandwich-shell nanostructures were formed.
It was claimed that the combination of shaped Pd substrates and the mild reduction
conditions used directed the overgrowth of Ni and Pt in an oriented layer-by-layer
fashion.

21.4 Summary and Outlook

Designing nanostructures with different architectures has been a burgeoning
approach towards the development of unique catalysts. core–shell nanocatalysts are
promising candidates to combine multifunctionality in a single system. There are
numerous core–shell structures, which are classified attending to either their compo-
sition or their arrangement. Among them, the importance of inorganic core–shell
catalysts, comprised of metal@oxide and metal@metal, in the field of catalysis is
indisputable. Pd-based core–shell catalysts have widely been explored in numerous
catalytic applications, showing excellent performances in reactions of diverse nature
(i.e. thermal catalysis, electrocatalysis, and photocatalysis). Pd@oxide-based cata-
lysts usually show strong interactions between the Pd-core and the oxide shell which
lead to improved catalytic performances. Such Pd@oxide-based catalysts are also
an interesting alternative for those reactions in which harsh reaction conditions are
required since the core–shell arrangement affords high stability against sintering
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and/or leaching of the metal active phase. Furthermore, additional functionalization
and hence tailored catalytic properties can be also achieved by altering the oxide shell
properties, which provide countless synthetic alternatives. In the case of Pd@metal
catalysts, they have shown to exhibit superior performance than counterpart alloyed
nanocatalysts, which has frequently been linked to the Pd-core and metal shell inter-
action in the interface of the core–shell structure. It has also been reported that such
interaction can be also responsible for the control of the oxidation state of the metal
which forms the shell, thus being a tool for tailoring the activity of the final catalytic
system. core–shell nanocatalysts are, without a shadow of a doubt, one of the nanoar-
chitecture with the greatest potential; however, there is still room for improvement
in the surface engineering of core–shell catalysts at the atomic level, which is crucial
to tailor their catalytic performances.
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Chapter 22
Structural and Catalytic Features
of Metal Nanoparticles Encapsulated
in a Hollow Carbon Sphere

Shigeru Ikeda and Takashi Harada

22.1 Introduction

Metal nanoparticles (MNPs) have attracted considerable attention for catalysts
because of their large surface areas and size-dependent properties different from
bulk metals [1–3]. The basic catalytic approach for these MNPs is to use them finely
dispersed in an organic or aqueous solution in the presence of a protective agent to
prevent aggregation and/or coalescence [4, 5]. Due to their difficulties of recovery
and instabilities upon exposure in diverse conditions, e.g., high temperature and
high pressure, supported heterogeneous systems using several host materials such as
zeolites and activated carbons are also studied extensively [6–9]. Apart from these
supported systems, creation of a core-shell structure is another approach to stabilize
an MNP core in a solid shell [10–12]. Especially in catalytic applications, an MNP
encapsulated by a hollow porous shell whose size is larger than that of the core
MNP is a promising structure because the “yolk-shell” nanostructure enables stabi-
lization of the core MNP without any protective agent even under severe reaction
conditions. This chapter reviews our first discoveries on successful fabrications and
demonstrations of heterogeneous catalytic properties of noble MNPs (i.e., Pt, Rh or
Pd) encapsulated in a hollow porous carbon shell [13–16]. The carbon shell not only
acts as a barrier to prevent coalescence between the core MNPs but also provides a
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reaction space where organic transformation occurs on the surface of metal nanopar-
ticles. As a result, these nanocomposites were proved to work as an effective and
robust heterogeneous catalyst with sufficient stabilities.

22.2 Fabrication of a “Yolk-Shell”-Structured Composite

As a typical system of an MNP core-hollow carbon shell composite, we firstly
prepared a Pt MNP encapsulated in a hollow mesoporous carbon shell (Pt@hmC)
following the procedure for fabrication of a hollow core/mesoporous carbon shell
containing an Au particle of ca. 20 nm in diameter [17]. Schematic synthesis proce-
dure of the Pt@hmC composite is shown in Fig. 22.1. The procedure is based on
successive coatings of a silica layer and a mesoporous silica layer on the surface of
Pt MNPs and growth of a carbon shell inside the mesoporous silica shell followed by
removal of siliceous components by wet etching using an aqueous HF solution [13].
As a starting material, we used a Pt MNP stabilized by poly(N-vinyl-2-pyrrolidone)
(Pt-PVP) having an average particle size of 1.8 nm in diameter (Fig. 22.2a). After the
surface coveragewith a double layer of silica and porous silica (Pt@m-SiO2), particle
size of Pt MNP kept the same as that of the original Pt-PVP (Fig. 22.2b), while some
Pt@m-SiO2 composites include a few Pt particles in each silica shell. Figure 22.2c
shows TEM images of Pt@hmC obtained from Pt@m-SiO2 and the size distribution
of Pt MNPs in this material. The Pt@hmC thus obtained consists of a hollow carbon
cage (50–60 nm in diameter and c.a. 10 nm in shell thickness) and a central Pt MNP
with an average particle size of 2.2 nm. A slight increment (0.3 nm) of the Pt particle
size compared to that in Pt@m-SiO2 is due to the coalescence of some Pt MNPs
included in the same silica shell. The content of Pt in Pt@hmC measured by ICP
analysis indicated the presence of 2.1 wt% of Pt in the present preparation condition.
In addition, the mechanical strength of the carbon shell of Pt@hmCwas investigated
by giving high pressure. Figure 22.2d shows the TEM image of Pt@hmC after giving

Fig. 22.1 Schematic
synthesis procedure of
Pt@hmC
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Fig. 22.2 TEM images and Pt size distributions of a Pt-PVP, b Pt@m-SiO2, and c Pt@hmC. dTEM
image of Pt@hmC pressurized at 80 MPa

a pressure of 80 MPa for three times. Although the carbon shell transmuted a spher-
ical shape to an elongated form, almost no destruction of the hollow shell structure
was obtained; the core-hollow shell structure was maintained. Thus, this core-shell
material has a flexible and robust structure.

The powder XRD pattern of Pt@hmC exhibits typical (111), (200), and (220)
reflections corresponding to Pt metal of an fcc structure (Fig. 22.3a). The crystallite
size of the Pt nanoparticle determined by the Scherrer equation and the half-height
width of the Pt(111) reflection was 2.5 nm. This value is consistent with the average
particle size of Pt nanoparticles determined by TEMobservation shown in Fig. 22.2c.
Thus, each Pt nanoparticle in Pt@hmC is likely to be a single crystal. In addition to
these reflections, two broad reflections at 2θ values of 10–30° and 35–50° were also
observed in the XRD pattern. These broad reflections are assigned to C(002) and
C(101) reflections of amorphous carbon composed of polycyclic aromatic carbon
sheets oriented in a random manner [18, 19]. The Pt 4f core-level XP spectrum of
Pt@hmC shown in Fig. 22.3b exhibited Pt0 peaks at binding energies of 71.5 eV
(4f7/2) and 74.7 eV (4f5/2) with slight contributions of Pt2+ components at binding
energies of 73.6 eV (4f7/2) and 76.8 eV (4f5/2) [20], indicating surface oxidation of
the Pt core nanoparticle. The fact that there is no component of Pt4+, chlorine (Cl2p),
and fluorine (F 1s) derived from the Pt precursor (H2PtCl6) and HF solution indicates
that the surface of the Pt nanoparticle core was free from any impurity component.

The N2 adsorption–desorption isotherm of Pt@hmCmeasured at 77 K is shown in
Fig. 22.4. The characteristic of the isotherm is the presence of a significant hysteresis
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Fig. 22.3 a XRD pattern
and b Pt4f, Cl2p, and F1s XP
spectra of Pt@hmC

Fig. 22.4 N2
adsorption–desorption
isotherm of Pt@hmC

loop enclosed by a sudden drop in the volume adsorbed of the desorption isotherm
in the p/p0 range of 0.42–0.46. Because this phenomenon is observed in a material
having a large mesopore encapsulated by a pore system of relatively small pore
size [21], the carbon shell of Pt@hmC should consist of a hierarchical porous wall
structure, i.e., large pores of 15–20 nm in diameter (hollow spaces) with a porous
wall having relatively small pores. Actually, applications of the BJH model and the
Horvath-Kawazoe (HK) model to the adsorption branch results in specification of
two kinds of small pore systems centered at 2.2 nm and 0.6 nm, respectively, both
of which are ascribed to pore systems in the carbon shell (insets of Fig. 22.4). It is
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noted that the BET surface area calculated from the isotherm at p/p0 of 0.05–0.09
reaches 1830 m2 g−1.

22.3 Catalytic Activities of Pt@hmC

Figure 22.5a shows catalytic activities of Pt@hmC, colloidal Pt-PVP (the source
of Pt nanoparticles in Pt@hmC), a commercial Pt catalyst supported on activated
carbon (Pt/AC: purchased from N.E. Chemcat), and Pt@m-SiO2 for room temper-
ature hydrogenation of nitrobenzene. Remarkable activity was achieved on the
Pt@hmC sample: Pt@hmC catalyzed complete conversion of nitrobenzene into
aniline, whereas the reaction was not completed on Pt-PVP and Pt/AC. No catalytic
activity obtained for the Pt@m-SiO2 sample indicate that the presence of void spaces
in Pt@hmC is indispensable for inducing the reaction. The original Pt-PVP exhibits
a higher level of activity than that of Pt/AC. However, it cannot be recovered easily;
thus, is difficult to be reused. On the other hand, the Pt@hmC catalyst was recov-
ered simply by centrifugation and recycled for further reaction. TEM observation of
Pt@hmC after reaction revealed that there is almost no change in the structure: Pt
particle size distribution was well-corresponded to that before the catalytic reaction,
as shown in Fig. 22.5b.

The scope for hydrogenation using Pt@hmC is summarized in Table 22.1. The
Pt@hmC catalyst showed higher levels of catalytic activity for hydrogenation of
primary, secondary, and cyclic olefins than those for Pt-PVP and Pt/AC catalysts.
The turnover frequency (TOF) for Pt for Pt@hmC was calculated to be more
than 20,000 h−1, the value of which is much larger than that obtained on the Pt-
nanoparticle-based system reported [22]. The Pt@hmC catalyst also gave relatively
high conversion for the hydrogenation of trans-stilbene into 1,2-diphenylethane

Fig. 22.5 a Hydrogenation of nitrobenzene into aniline on various Pt catalysts under H2 bubbling
at 303 K. Catalyst (Pt): 0.1 μmol; substrate (nitrobenzene): 5 mol; reaction time: 1.5 h. b TEM
image and Pt size distribution of Pt@hmC after the reaction
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Table 22.1 Hydrogenation of various olefins catalyzed by Pt@hmC, Pt/AC, and Pt-PVP.a

Substrate Catalyst Product Time/h Conv. (%)

1-hexene Pt@hmC 1-hexane 2 >99

Pt-PVP 2 91

Pt/AC 2 7

2-hexene Pt@hmC 2-hexane 2 96

Pt-PVP 2 70

Pt/AC 2 16

Cyclohexene Pt@hmC Cyclohexane 1 91

Pt-PVP 1 42

Pt/AC 1 3

Trans-stilbene Pt@hmC 1,2-diphenylethane 15 72

Pt-PVP 15 46

Pt/AC 15 16

aAll reactions were carried out with 0.1 μmol of catalysts (Pt) and of substrates (5 mmol) under H2
(0.2 MPa in absolute pressure) at 348 K

compared to Pt-PVP or Pt/AC, suggesting that there is no significant effect of the
porous carbon shell on mass transfer of such a bulky substrate.

Reductive alkylation of the aromatic amine with carbonyl compounds (i.e., alde-
hyde or ketone) is one of the useful reactions for producing amines which are impor-
tant intermediates used for various industries. The reaction is considered to be started
by addition of a carbonyl compound to aromatic amine followed by subsequent dehy-
dration of thus formed hemiaminal to produce an imine intermediate. Finally, the
corresponding amine is produced by hydrogenation of the C=N bond of the imine
intermediate with molecular hydrogen (H2) or hydride compounds. For the evalua-
tion of further catalytic function of Pt@hmC, room temperature reductive alkylation
of aniline with acetone under atmospheric pressure of H2 was performed as a model
reaction [14]. Table 22.2 summarizes the conversion of aniline and yield of the
corresponding product, N-isopropylaniline, using various Pt catalysts. Among the
catalysts, Pt@hmC showed the highest level of catalytic activity: aniline conversion
of 93% and N-isopropylaniline yield of 75% were achieved for 1-h reaction. The
estimated TOF for Pt for Pt@hmC (3,120 h−1) reached remarkably high compared
to several reported catalysts [23, 24]. When the reaction was continued for 2 h,
the remainder of imine intermediate was solely hydrogenated to N-isopropylaniline
without generating any by-products. Probably due to the surface coverage of PVP,
the source Pt-PVP exhibited a lower level of activity than that of Pt@hmC. All of
the supported Pt catalysts were also found to be less effective. Moreover, Pt@hmC
was easily separated from the reaction solution by centrifugation. After drying the
recovered Pt@hmC at 523 K for 8 h to remove the reaction residue, the sample was
shown to retain a high level of catalytic activity for at least 2 successive runs.
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Table 22.2 Reductive
alkylation of aniline with
acetone catalyzed by various
Pt catalysts.a Reproduced
with permission from Ref.
[15] Copyright 2008 The
Chemical Society of Japan

Catalyst Conv. (%) Yield (%) Pt size/nmb

Pt@hmC 93 75 3.1

Pt@hmCc 99 99 3.1

Pt-PVP 52 23 2.2

Pt/AC 33 3 4.5

Pt/Al2O3 30 18 3.1

Pt/AC (Wako)d 31 7 4.2

Pt/AC (N. E. Chem)d 40 23 3.4

Pt@hmCe 92 72 3.1

Pt@hmCf 96 77 3.3g

aReaction conditions: Pt (0.25 μmol), aniline (1 mmol), acetone
(1 cm3), r.t., H2 (balloon), 1 h. bAverage Pt particles size. c2-h
reaction time. dCommercial Pt/AC (Pt: 5 wt %) purchased from
Wako pure chemical and N. E. Chemcat. e2nd run of Entry 1. f3rd
run of Entry 1. gAfter reaction

In separate experiments, the same reaction mixture as that used in the reductive
alkylation of aniline with acetone was stirred under N2 (i.e., instead of H2) at room
temperature. The imine intermediate should be accumulated because of the suppres-
sion of hydrogenation in this reaction condition. Therefore, the amount of decrease
in aniline, i.e., aniline conversion, was used as the quantitative measure of imine
production. As a result, carbon-supported samples gave ca. 30% conversion but that
Pt/Al2O3 gave only 8% for 1-h reaction duration. Thus, the low rate of conversion
of aniline on Pt/Al2O3 is explained by its poor activity for imine production. On the
other hand, the formation of imine occurred in a similar manner on various carbon-
supported catalysts independent of their structural differences. The high yield of N-
isopropylaniline achieved over the Pt@hmC catalysts is therefore attributable to its
high catalytic function for hydrogenation of the imine intermediate. In the Pt@hmC
structure, the particle is physically separated by the porous carbon shell, and the Pt
MNP inside the hollow porous carbon shell is free from any surface-covered agents.
In this situation, the carbon shell efficiently supplies the imine intermediate into the
hydrophobic void space where an active “ligand-free” Pt nanoparticle is present. Due
to the synergetic effect, Pt@hmC exhibits a high level of catalytic activity.

22.4 Catalytic Performances of “Yolk-Shell”-Structured
Composites Based on Other Metal Nanoparticles

Hydrogenation of aromatic ring is important for the synthesis of cyclohexane deriva-
tives including the intermediates for the chemicals and pharmaceuticals [25–28].
Recently, Sajiki et al. reported a Rh/C catalyst showed the higher catalytic activity of
hydrogenation of aromatic rings under a mild condition (353 K, 0.5 MPa) than other
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metals (Ir, Pt, Pd, and Ru) supported on the active carbon [29]. Interestingly, their
process indicated higher conversion was achieved in water than in hexane which is
known as a good solvent in general hydrogenation. Water is important as a typical
solvent in physiological processes and is also a favored solvent in green chemistry
compared with organic solvents. In essence, water is an interesting and useful solvent
in organic chemistry in which hydrophilic organic substrates dissolved readily in
water. However, when hydrophobic substrates are incorporated, the reaction rate
is too slow to use in a commercial process due to limited interaction between the
organic substrates and immobilized catalyst in water. In this section, the structural
concept of Pt@hmC was expanded to Rh MNPs: Rh MNP encapsulated in porous
hollow carbon (Rh@hmC) was fabricated and was applied to catalytic hydrogena-
tion of aromatic and heterocyclic rings in aqueous media. Table 22.3 summarizes the
catalytic activity of Rh@hmC for hydrogenation of various aromatic and heterocyclic
compounds at 353 K under H2 (0.5 MPa). The Rh@hmC catalyst was found to be
active for the hydrogenation of benzoic acid, an electron-poor aromatic compound,
and a heterocyclic compound of 3-hydroxypyridine to form cyclohexane carboxylic
acid and 3-hydroxypiperidine, indicating applicability for relatively inactive unsatu-
rated compounds.Moreover, biphenyl hydrogenation also progressed on the catalyst:
bicyclohexanewas obtained in 97%yield after 14-h reaction through the formation of
benzylcyclohexane as an intermediate. As confirmed by the above Pt@hmC system,
these results also indicate the achievement of efficient mass transfer of the lateral
porous carbon shell even for such a bulky substrate. Besides, when phenol hydro-
genation was performed, cyclohexanone, which is an important intermediate for
the manufacture of adipic acid and ε-caprolactam, was directly obtained with high
selectivity under these mild conditions.

In organic synthesis, liquid-phase oxidation of alcohols into the corresponding
carbonyl compounds and carboxylic acids is one of the fundamental and important
reactions. Among a variety of heterogeneous catalysts, Pd-supported catalysts have
been studied widely since they are available not only for oxidations but also various
other organic transformation reactions [30–33], though their catalytic performances

Table 22.3 Hydrogenation of aromatic and heterocyclic compounds catalyzed by Rh@hmC.a

Substrate Product Rh/μmol Time/h Conv. (%) Yield (%)

t-butylbenzene t-butylcyclohexane 0.23 2 >99 >99

Benzoic acid Cyclohexane carboxylic
acid

0.23 6 89 85

3-hydroxypyridine 3-hydroxypiperidine 0.23 6 98 98

Biphenyl Bicyclohexane 0.46 6 92 59b

0.46 14 99 97

Phenol Cyclohexanol 0.12 6 99 20c

aReaction conditions: substrate (0.25 mmol), water (5 cm3), 0.5 MPa H2, 353 K.
bPhenylcyclohexane (partially hydrogenated intermediate product) was obtained with 33% yield.
cCyclohexanone was obtained with 79% yield



22 Structural and Catalytic Features of Metal … 375

Table 22.4 Oxidation of
benzyl alcohol into
benzaldehyde by various Pd
catalystsa. Reproduced with
permission from Ref. [16]
Copyright 2010 American
Chemical Society

Catalyst Conv. (%) Yield (%) TOF/h−1

Pd@hmC 48 37 2940

Pd/ACb 57 50 2090

Pd/hmCc 26d 22d 1528

Pd@SiO2 <1d – d –

aReaction conditions: benzyl alcohol (0.25mmol), 50mMK2CO3
aqueous solution (5 cm3),O2 atmosphere, 353K, 1h. bCommercial
Pd/AC purchased from N. E. Chemcat. cPd MNPs supported on
hollow mesoporous carbon (Pd/hmC) prepared by a conventional
impregnation. dReaction was carried out for 2 h

are usually lower than those of homogeneous catalysts. In order to achieve further
improvement of catalytic activity for the oxidation of alcohols, we attempted to
fabricate Pd-based core shell composite similar to the above-mentioned Pt and Rh
composites, i.e., Pd@hmC; catalytic activity of thus obtained Pd@hmC was eval-
uated by oxidation of various alcohols. As a result, Pd@hmC showed a high level
of catalytic activity for oxidation of benzyl alcohol into benzaldehyde using atmo-
spheric pressure of O2 as an oxidant (Table 22.4). Compared to the commercial
Pd/AC sample, the Pd@hmC sample apparently shows lower conversion and yield
than those of the Pd/AC sample. Superior catalytic ability of Pd@hmC compared to
that of Pd/AC can be revealed by using TOF, indicating efficient utilization of the
surface reaction sites of Pd nanoparticles in the Pd@hmC composite. The Pd@hmC
catalysts also exhibited a high level of catalytic activity for aerobic oxidations of
other primary benzylic and allylic alcohols into corresponding aldehydes [14].

Catalytic ability for benzyl alcohol oxidation over the sample recovered after
1 h reaction was examined. For this purpose, the Pd@hmC sample was reused after
heat treatment at 623 K in air. Figure 22.6a shows the relative yield of benzaldehyde
formed over regenerated Pd@hmC samples normalized by the yield of benzaldehyde
over a fresh Pd@hmC sample. Results over Pd/AC are also shown for comparison. It
is clear that a decrease in catalytic activity was significantly suppressed on Pd@hmC
when compared to that on Pd/AC. As confirmed by CO chemisorption analyses,
dispersions of Pd, defined as the amount of CO molecules irreversibly held (COirr)
on the surface of the Pd nanoparticle (COirr/Pd), did not decline significantly for the
Pd@hmC sample after regeneration at 623 K in air, whereas that for Pd/AC provided
appreciable decrease (Fig. 22.6b, c). Thus, observed regeneration of catalytic activity
of the Pd@hmC sample is attributed to effective suppression of Pd aggregation due
to the physical separation of Pd nanoparticles by a porous carbon shell in Pd@hmC.
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Fig. 22.6 a Relative yield of benzaldehyde over Pd@hmC and Pd/AC for oxidation of benzyl
alcohol after heat treatment normalized by the yield of benzaldehyde over fresh catalyst. COirr/Pd
of b Pd@hmC and c Pd/AC samples before and after the catalytic run followed by the regeneration
treatment at 623 K in air

22.5 Summary and Outlook

In this chapter, we discussed the fabrication and characterization of MNPs encapsu-
lated in a hollow porous carbon shell. The MNP core was proved to be free from any
surface-covered stabilizing agents; the particle is physically separated by the carbon
shell with a well-developed pore structure. The porous wall structure of the lateral
carbon shell provides channels for efficient mass transfer of species into the void
space where active catalytically MNPs are present. Thus, these composites exhibit
excellent catalytic activity for various kinds of organic transformations depending on
the kinds of coreMNPs. Because of the controllability of porosity inside the shell, the
use of the present core-shell structure is a promising strategy for designing catalysts
with molecular selective properties toward the conversion of organics. Moreover,
since the catalytic activity is not influenced by any stabilizing agents commonly
present on the surface of metal nanoparticles, this heterogeneous catalytic system
should also be useful for understanding essential catalytic functions and reaction
mechanisms on the bare surface of various types of MNPs when appropriate MNPs
with defined shapes, sizes, or crystalline planes are employed.
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Chapter 23
Yolk-Shell Structured Functional
Nanoreactors for Organic
Transformations

Fangfang Chang, Lingyan Jing, Yash Boyjoo, Jian Liu, and Qihua Yang

23.1 Introduction

The introduction of the term “nanotechnology” dates back to December 1959, when
Richard Feynman gave his visionary talk entitled “There’s Plenty of Room at the
Bottom”. Although at that time, nanotechnology was not being widely used, scien-
tists took decades to realize the power behind it [1]. The development of electron
microscopy techniques has provided technical support for researchers to explore
the micro and nano world. With time, more and more nanomaterials with fancy
structures have been constructed, some of them termed as “nanoreactor”, which is
like a cell mimicking the biocatalysis process at the nanometer/micrometer scale
[2, 3]. Nanoreactor features are beneficial to performing parallel chemical reactions,
eliminating undesirable products, and improving the catalytic performance as the
result of special structure over convention one. The morphologies of nanoreactors
are various, including hollow spheres [4, 5], core-shell particles [6, 7], Janus parti-
cles [8, 9], etc. Particularly, yolk-shell structured nanoreactors (YSNs) with unique
yolk@void@shell morphologies have been designed, synthesized, and further devel-
oped due to their intriguing structure-induced properties andwidespread applications
in catalysis, drug delivery, and energy conversion and storage.

Organic transformations are one of the key processes for pharmaceutical and fine
chemical production. However, organic transformations usually occur under harsh
conditions, whichmeans higher requirements are putting forward for catalysts. YSNs
bring many benefits to organic transformations, such as hydrogenation reactions and
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cascade reactions, in virtue of the unique structure with void space between yolk and
shell, controllable selectivity, diffusion enrichment, and confinement effect [10, 11].
For example, metal nanoparticles (NPs) are easily deactivated under high temper-
ature or long reaction time even when these NPs are immobilized on a support,
owing to sintering, leaching, and aggregation. If the active species (Au, Pd, etc.) are
encapsulated inside a shell (carbon, silica, metal-oxide, etc.), the unique yolk-shell
structure provides protection from these adverse effects, even under severe reaction
conditions. Further, the active core of YSNs can move freely, exposing more active
sites. In addition, energy consumption and high cost are inevitable during the subse-
quent separation and purification processes because of various products in organic
transformation. The confinement effect and the molecular sieving capability of the
shell are essential for regulating product selectivity [12, 13]. For cascade reaction, the
integration and precise location of different active sites are especially important. The
yolk, the inner and outer layers of the shell can each be functionalized differently via
synthetic strategies, which make YSNs a promising candidate in cascade reactions.

So far,many review articles summarized the extraordinary advancements ofYSNs
in the past fewyears [14–17]. This reviewwillmainly focus on the synthesis strategies
of functional YSNs and their application in organic transformation processes.

23.2 Synthetic Methods

YSNs usually require multi-step synthetic steps due to the special yolk@void@shell
structures. Recently, a series of synthesis strategies have been developed by
researchers for YSNs with various compositions, properties, and applications. These
methods can be classified as hard templating, soft templating, ship-in-bottle, and self
templating [16, 18]. Here we will briefly describe these methods.

23.2.1 Hard-Templating Method

The hard-templating method is the most common and straightforward method to
prepare YSNs. In this approach, a core material (metal, oxide or polymer) is coated
with one or a few layers (oxide or polymer). Then the core or middle layers are
removed selectively, leading to the yolk-shell structure. For example, Zhang et al.
exploited the layer by layer method by coating SiO2 and subsequently TiO2 layers
on the surface of Fe3O4 nanoparticles. This was followed by the removal of the SiO2

layer, resulting in Fe3O4@TiO2 yolk-shell nanoreactors [19] (Fig. 23.1a). In another
work, Liu et al. used a similar protocol to prepare CaCO3@C yolk-shell nanoreac-
tors [20]. Calcination under air can also be used to create void spaces. Jiang et al.
fabricated carbon@TiO2 yolk-shell spheres via changing the calcination duration of
carbon@TiO2 core-shell spheres in air. With the extension of calcination duration,
the carbon core was shrinkage due to the combustion. In this process, air plays a role
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Fig. 23.1 Representative example of templating method. a Schematic illustration of the formation
procedure of the yolk-shell structured Fe3O4@void@TiO2NPs through hard templating method.
Reproduced with permission from Ref. [19] Copyright 2017 Elsevier. b Procedure for the prepa-
ration of yolk–shell structured nanoreactor through soft templating method. FC4 = fluorocarbon
surfactant, PPO= poly(propylene oxide), PEO= poly(ethylene oxide), TEOS= tetraethoxysilane.
Reproduced with permission from Ref. [26] Copyright 2010 Wiley–VCH

of an “etchant” by partially removing the carbon core [21]. In recent years, metal–
organic frameworks (MOFs) have regularly aroused attention due to their appealing
properties, such as diverse structures, uniform porosity, and high surface area [22].
Additionally, MOF materials can act as a hard template and its metal can serve as
the active site [23]. Zeolitic imidazolate frameworks (ZIFs), consisting of transition
metal ions (such as Zn2+ and Co2+) and imidazolate linkers, are a sub-family of
MOFs, that exhibit exceptional thermal and chemical stability. Liu et al. success-
fully prepared various types of yolk-shell nanoreactors by adopting ZIFs or their
derivative materials as hard template. ZIF materials were coated with either silica or
polymer layer, followed by an etching process through hydrothermal or carbonization
step [24, 25]. An unquestionable advantage of the hard template method is its easy
tunability, in terms of the compartments’ sizes. However, the tedious and complex
process of removing the sacrificial template is unwelcomed.

23.2.2 Soft Templating Method

Soft templating methods have much similarity to hard-templating methods, but the
preparation of fine homogenous nanocomposites by this means is simpler and more
convenient. The soft templates include microemulsions, micelle/vesicle-based soft
templates, as well as polymers, which can be easily removed by washing or calci-
nation, without using harsh chemicals [16]. Usually, microemulsions are ternary
systems which consist of an aqueous phase, an oil phase, and a surfactant. According
to which phase is present in majority, microemulsions can be divided into direct
(oil-in-water) and reverse (water-in-oil) microemulsions. Schüth et al. adopted an
emulsion as soft-template to generate Pd/C@Hollow Crabon Sphere (HCS) yolk-
shell structured nanoreactors. First, the emulsion solution was formed by mixing a
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P123/sodium oleate/PdCl42− solution with an acidic solution of the polymer precur-
sors (2,4-dihydroxybenzoic acid (DA) and hexamethylenetetramine (HMT)). In the
process of hydrothermal treatment, formaldehyde produced by HMT could not only
reduce the Pd2+ to Pd nanoparticles, but also polymerized with DA on the emulsion
surface. Finally, the yolk-shell polymer nanospheres with polymer-yolk supported
Pd nanoparticles (Pd/P@HPS) were generated. After carbonization in an inert atmo-
sphere, Pd/C@HCS were obtained [26]. Micelles and vesicles are self-assembled by
amphiphilic molecules in a single-phase solvent. Amphiphilic molecules are both
hydrophilic and lipophilic. Liu et al. reported a facile strategy to generate yolk-
shell structured materials by using fluorocarbon surfactant (FC4) as the vesicle-
core complex template (Fig. 23.1b). With this method, SiO2@SiO2, Au@SiO2,
Fe3O4@SiO2, and even enzyme@SiO2 yolk-shell nanostructures with tunable shell
thicknesswere prepared [27, 28].Moreover, long-chained polymers are also common
soft templates. For example, poly (vinyl pyrrolidone) (PVP) can serve as a soft-
template to prepare Poly(3,4-thylenedioxythiophene) (PEDOT) hollow spheres via
electrochemical polymerization. Subsequently, Ag+ was introduced and reduced to
formAg@PEDOT yolk-shell structure [29]. Polymers are convenient soft templates
for the preparation of YSNs with organic shells. Currently, the main challenges of
soft-templating methods are the low uniformity of the nanoparticle size, as well as
difficulty in choosing appropriate surfactants. In addition, some soft templates are
expensive, which limits their wide application.

23.2.3 Ship-in-Bottle

Ship-in-bottle offers an efficient, economical, and controllable route for the synthesis
of metal@shell nanoparticles (NPs). Firstly, a highly robust hollow shell with pores
(zeolites, silica, MOFs, etc.) is prepared. The metal precursors are then induced
into the hollow space, followed by reduction during which metal NPs grow into the
yolk. A series of metal@shell NPs (Au@SiO2, Pt@zeolites, etc.) have been prepared
this way [11, 30]. Xu and co-workers encapsulated Pt NPs into MFI zeolites via a
cationic polymer-assisted synthetic strategy. In this case, the cationic polydially-
dimethylammonium chloride (PDDA) polymer could electrostatically interact with
the Pt precursor and zeolite [31, 32]. Xu et al. developed a “double solvent” method
to introduce Pt NPs into the pores of MIL-101 through the power of capillary force
[33] (Fig. 23.2a). Besides metal NPs, MOFs can also be introduced into the confined
space. Very recently, Cao et al. encapsulated MOF into a hollow mesoporous carbon
sphere (HMCS). In their study, they prepared the hollow carbon spheres using the
SiO2 nanospheres as the hard template and dopamine as the carbon source. The Co2+

ions were anchored onto abundant N sites in the HCMS, initiating the growth of ZIF
within the confined space of the HMCS. Finally, ZIF@HMCS yolk-shell structured
nanoreactors were obtained (Fig. 23.2b). Similarly, a series of ZIF@HMCS-m (m:
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Fig. 23.2 Representative example of ship-in-bottle method. a Schematic representation of the
formation of Pt@MIL-101. Reproduced with permission from Ref. [33] Copyright 2012 American
Chemical Society. b Schematic illustration of synthetic procedure for ZIF@HMCS. Reproduced
with permission from Ref. [34] Copyright 2020 Springer

weight ratio of HMCS to Co(NO3)2.6H2O) could be obtained [34]. The ship-in-
bottle method offers a feasible path for the development of self-assembling fine
nanoparticles in a confined space.

23.2.4 Self-Templating Method

Although the templating methods are straightforward in concept, difficulties arise in
forming robust shells with desirable composition and in the efficient removal of the
templates. In recent years, self-templatingmethods referred to as “smarter strategies”
are of great interest due to the merit of facile synthesis of yolk-shell structures
with desirable compositions and complex architectural features. The self-templating
methods to form yolk-shell structures include thermally driven contraction process,
theOstwald ripening process, theKirkendall effect, and galvanic replacement, among
others. In addition, these self-templating methods hold great promise owing to their
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special advantages including reduced production cost, simple synthesis procedures,
and potential in scaling up.

23.2.4.1 Thermally Driven Contraction Process

Theoccurrence of yolk-shell structures originating from the thermally driven contrac-
tion process is an interesting phenomenon.During thermal decomposition, significant
mass/volume loss, especially under nonequilibrium conduction, can generate voids
in solid particles. Metal carbonates/glycerates/glycolates, MOFs, and polymers can
be employed as the decomposable precursors. For example, Liu et al. reported yolk-
shell structured carbonaceous nanospheres prepared by using the confined pyrolysis
method. In the first step, the Stöber methodwas used to coat silica shell on the surface
of resorcinol–formaldehyde resin (RF) spheres, followed by calcination in an inert
atmosphere, and etching of the silica shell to form yolk-shell structured carbona-
ceous spheres. When the polymer material was pyrolyzed in a confined space, the
polymer shrank inward due to the oxidative degradation of the organic species, while
the release of gas from the decomposition of organic species counteract the effect
of inward shrinkage. Since the degree of inward shrinkage was larger, a void was
formed. In a similar way, yolk-shell structured carbonaceous spheres doped with
heteroatoms (N, S, etc.) could be prepared easily [35]. Recently, Lou et al. reported
a simple annealing treatment of preformed metal acetate hydroxide precursors to
form yolk-shell structured Ni–Co oxide nanoprisms, of which the composition can
be easily tuned by changing the Ni/Comolar ratio [36] (Fig. 23.3a). In this case, there
were two opposing forces which were the contraction force (Fc) and the adhesive
force (Fa). If Fc is bigger than Fa, a void will form, leading to yolk-shell struc-
tured materials. Thermally driven contraction process is a facile method to obtain
yolk-shell structured products with controllable composition.

23.2.4.2 The Ostwald Ripening Process

Ostwald ripening is a well-known physical phenomenon which is defined as the
“dissolution of small crystals or sol particles and the redeposition of the dissolved
species on the surfaces of larger crystals or sol particles”, according to the Interna-
tional Union of Pure and Applied Chemistry in 2007. This effect is widely taken
advantage of for fabricating metal oxides (Pt@CeO2, etc.) [41] or metal sulfides
(ZnS, MoS, etc.) [42] with complex structures. For instance, Zhu et al. demonstrated
that a hierarchical ball-in-ball NiO/Ni/Graphene nanomaterial was derived from Ni-
MOF via a solvothermal reaction (Fig. 23.3b). The hydrothermal environment was
conducive to a dissolution and recrystallization process, whereby the core inside the
sphere dissolved and diffused to the surface, forming a void inside the sphere [37].
Recently, Low et al. used Fe(NO3)3·6H2O as the iron source, and glycerol, iso-propyl
alcohol (IPA) together with a small amount of water as a solvent to prepare uniform
Fe3O4 spheres via a one-pot solvothermal method. The amount of water played a
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Fig. 23.3 Representative example of self-templatingmethod. a Schematic illustration of the forma-
tion process of mesoporous yolk-shelled Ni–Co mixed oxide prisms. Reproduced with permission
from Ref. [36] Copyright 2015 Wiley–VCH. b Schematic representation of the mechanism of
structure evolution via Ostwald ripening process. Reproduced with permission from Ref. [37]
Copyright 2016 American Chemical Society. c Schematic illustration of a nonequilibrium lattice
diffusion at the interface in bulk phase by Kirkendall effect. Reproduced with permission from Ref.
[38] Copyright 2013 American Chemical Society. d The synthesis process of Au-GQDs@AgPt
Yolk-shell nanostructures. Reproduced with permission from Ref. [39] Copyright 2020 Elsevier.
e Schematic illustration of chemical etching process of PBA. Reproduced with permission from
Ref. [40] Copyright 2013 American Chemical Society

vital role in the process, regulating the formation of different Fe3O4 structures [43].
For example, when increasing the water amount, hollow particles with broken shells
would be harvested. On the other hand, hierarchical Fe–glycerate solid spheres were
obtained without water addition. Ostwald ripening is a thermodynamically favorable
and spontaneous process, in which the void size greatly depends on the hydrothermal
reaction time and temperature. In addition, the solvents can be used to modulate the
ripening process, hence regulating the void size.

23.2.4.3 Kirkendall Effect

The Kirkendall effect is a well-known phenomenon in metallurgy. In this process,
two opposites diffuse actions occur simultaneously at the interface between coupled
materials A and B. If the diffusion rate of metal A to B (JA) exceeds the opposite
action ofmetal B toA (JB), the unequal diffusion rateswould result in the formation of
lattice vacancies within the material’s matrix (Fig. 23.3c). Thus, the condensation of
these lattice vacancies leads to the formation of porous structures such as yolk-shell
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particles [38, 44]. Recently, Zhang et al. prepared hollow CuInS2 nanododecahe-
drons by a cation exchange method based on the Kirkendall effect. Adopting Cu2–xS
nanododecahedronswith elaborately designed shapes as templates, the different rates
of Cu+ extraction and In3+ incorporation formed Cu2-xS@CuInS2 hybrid core–shell
nanododecahedrons. The continued reaction led to the formation of hollow struc-
tures with uniform shape and composition [45]. The Kirkendall effect can be used
to synthesize yolk-shell structured nanocrystals with high uniformity in sizes and
shapes. However, it is still a challenge to regulate the morphology of YSNs, because
of the uncertainty and uncontrollability of the Kirkendall diffusion process.

23.2.4.4 Galvanic Replacement

Galvanic replacement is a sacrificial template strategy to obtain metal@metal
(Au@Pt, Au@Au), metal@alloy (i.e., Au@AuAg, Au@PdAg, and Au@PtAg) and
alloy@alloy (i.e.,Au/Ag@Au/Ag) yolk-shell nanostructures, on the basis of different
metals exhibiting different electrochemical potential [16]. Ag, Ni, Al, and Cu are
the most common sacrificial templates in galvanic replacement processes. Recently,
Zhou et al. developed a green wet chemical reduction method to synthesis Au-
graphene quantum dots (GQDs)@AgPt yolk-shell nanostructures (Fig. 23.3d). The
Au-GQDs@AgPt yolk-shell nanostructures were prepared by displacing metallic
silver using PtCl62−, driven by the galvanic replacement reaction [39]. Yu and
co-workers introduced a double-template method to prepare Au@AgPt yolk-shell
nanoparticles, in which Au NPs served as seeds, Ag shell grew on the surface of Au
NPs to obtain Au@Ag NPs, then galvanic replacement reaction occurred between
PtCl62− and Ag. In this process, Brij-58 surfactant was used as the soft-template to
induce dendritic and porous shell [46]. Galvanic replacement is a facile method to
obtain YSNs with controllable morphologies, compositions, and porosities and is
particularly efficient with metallic particles. The shape and size can be easily tuned
by the template nanoparticles and the reaction conditions. However, the main draw-
backs of this method are the long reaction time and the instability of structure in the
latter stage of replacing process.

23.2.4.5 Chemical Etching

Chemical etching method is deemed as an efficient strategy to construct yolk-shell
structures, especially for preparing silica- and carbon-based yolk-shell structured
nanoparticles. To date, a wide variety of yolk-shell nanoreactors (Fe3O4@SiO2 [47],
Au@SiO2 [48], SiO2@SiO2

3…) have been reported via this method. Yamauchi et al.
established a new concept of step-by-step coordination polymer crystal growth and
subsequent etching process to prepare sophisticated types of shell-in-shell, yolk-
shell, and yolk-double-shell structures (Fig. 23.3e). The research team chose Prussian
Blue (PB) and its analogues as model materials having “soft” inside core and “hard”
outside shell. This is because the inside core has more structural defects resulting in
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weaker stability.When the samplewas dispersed in acid solution, theH+ dissolved the
material, with a faster etching rate at the core relative to the shell, creating a void [40].
Yu et al. developed a deflation–inflation asymmetric growth (DIAG) strategy to form
tailored concave hollow spheres. The low crosslinked aminophenol-formaldehyde
resin (APF) polymers could be etched by acetone. Through controlling the APF
etching and deposition kinetics, the unique concave hollow nanostructures were
obtained easily [49]. In addition, a surface-protected etching strategy was developed
byYin’s group to prepare hollow silica spheres orAu@SiO2 yolk-shell nanoparticles.
During the process, the inner core was etched while the outer shell was protected by
a layer of stabilizing agent (PVP) on the surface of SiO2. At the same time, pores on
the outer shell were created, which favored the diffusion of molecules to the inner
active sites [50]. The nanoparticle size and shell thickness could be controlled by
fine-tuning the amounts of etchants and surfactants. Chemical etching is attractive for
fine-tuning the size and shell thickness of nanoparticles by the amount of etchants and
the duration time of etching. However, the selection of appropriate types of etchants
and surfactants is still an issue.

23.3 Application in Organic Transformations

Organic transformations are varied and some reactions are difficult to carry out under
moderate conditions. Yolk-shell structured nanoreactors exhibit potential application
for organic transformations due to their unique advantages compared to conventional
catalysts embedded inbulk supports, such as high catalytic stability, controllable reac-
tionmicroenvironment, and the advantages of compartmentalization or accumulation
of various types of active sites for cascade reactions.

23.3.1 Single Site Nanoreactor

The hydrogenation reaction is one of the most important chemical reactions in phar-
maceuticals, chemical engineering, energy conversion, and so on [51]. Liu et al.
prepared ZnO@Carbon yolk-shell structured submicroreactors via solvothermal and
carbonization processes. ZIF-8 as the sacrificial template would transform into the
ZnO nanoribbons following coating a polymer layer on the surface of ZIF-8 and
solvothermal treatment. Pd nanoparticles were then introduced by a wet chemical
reduction process. The resulting Pd&ZnO@carbon submicroreactors exhibited a
high selectivity (>99%) for hydrogenation of phenylacetylene to phenylethylene
and excellent stability (>25 h) (Fig. 23.4). All these attractive performances were
attributed to the special yolk-shell structure. The void could hold a large amount
of phenylacetylene molecules, improving the ambient reactant concentration around
the Pd nanoparticles, while the shell played a shielding role to inhibit the aggrega-
tion of Pd nanoparticles [25]. Lu et al. fabricated bifunctional yolk-shell structured
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Fig. 23.4 Pd&ZnO@carbon nanoreactor for hydrogenation of phenylacetylene to phenylethylene.
a, b Schematic illustration for the preparation of ZnO@carbon and Pd&ZnO@carbon, respectively.
c, d Catalytic performance for Pd&ZnO@carbon, Pd/ZnO and Pd/C particles. Reproduced with
permission from Ref. [25] Copyright 2018 Wiley–VCH

Fe3O4@h-C/Pt nanoreactors by a novel and facile synthesis method and their perfor-
mance was evaluated for nitrobenzene hydrogenation. A mere 9% conversion was
initially observed due to species covering the surface of Pt nanoparticles. However,
when the used catalysts were calcined at 250 °C in air for 1 h, the catalysts demon-
strated high conversion (>99%), even after seven cycles [52]. Yin et al. reported
that Pt@CoO yolk-shell nanoreactors prepared through nanoscale Kirkendall effect
showed high activity for the hydrogenation of ethylene [53].

Coupling reactions, such as Suzuki coupling, Sonogashira-, Heck-, and Ullmann-
type reactions, etc., account for a large fraction of modern organic chemistry [54].
Noble metals and transitionmetals are extensively employed in these reactions. Song
et al. fabricated a Pd@SiO2 yolk-shell catalyst by using a hard-templating method.
The yolk-shell structure was realized by coating silica shell on the surface of carbon
spheres loaded with Pt NPs, followed by removal of the carbon. The Pd@SiO2

catalyst showed superior activity in Suzuki coupling reactions with 99.5% yield
after 3 min, which was ascribed to the high surface of the nanoreactor that was able
to gather a large concentration of reactants around the Pd nanoparticles relative to
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the bulk solution. Furthermore, the thin layer of mesoporous silica allowed for easy
diffusion of both reactants and products to and from the active sites [55].

23.3.2 Multi Sites Nanoreactor

Cascade reactions,which allow a series of chemical reactions to occur sequentially by
integrating different active sites into one catalyst, have garnered intensive interests
due to the advantage of high atom economy, step-saving, and biomimetic nature
[56, 57]. From this point of view, yolk-shell structured catalysts exhibit promising
potential in cascade reactions.

Yang et al. reported a yolk-shell nanoreactor with a basic core and an acidic shell
through an organosilane-assisted selective etching method (Fig. 23.5). These YSNs
showed excellent catalytic performance for the deacetalization-Henry cascade reac-
tion [58]. Zhang et al. fabricated a three-dimensionally integrated yolk–shell (3D-
IYS) nanoreactor via a protection–deprotection approach and core-shell colloidal
crystal templates (CS-CCTs). Then, the team investigated their catalytic performance
in the deacetalization-Henry cascade reaction and deacetalization-Knoevenagel
cascade reaction. The authors prepared sulfonated polystyrene (CLPS) @SiO2 by
coating the silica layer on the surface of CLPS through sol–gel method. In situ poly-
merization of the functional monomer BOC-p-aminostyrene at the CLPS@SiO2

CS-CCTs surface and then selectively removing the SiO2 layer of CS-CCTs was
employed to synthesize acid–base bifunctional integrated yolk-SO3H@Shell-NH2

(IY-SO3H@S-NH2). In the deacetalization-Henry cascade reaction, the acid–base
bifunctional IY-SO3H@S-NH2 catalyst exhibited excellent activity (conversion =

Fig. 23.5 Catalytic performance of the YSN nanoreactor. a Schematic illustration for the prepa-
ration of YS-NH2@SO3H. b Schematic illustration of the cascade reaction in a YS-NH2@SO3H
acid–base nanoreactor. Reproduced with permission from Ref. [58] Copyright 2012 Wiley–VCH
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100%, yield >99%) [59]. In order to extend and develop the core-shell colloidal
crystal templating strategy, the authors prepared a novel bifunctional integrated
yolk-shelled nanoreactor composed of monolithically interconnected ZIF-8 shell
and sulfonated polystyrene yolks decorated with rhodium nanoparticles as IY-
SO3H/Rh@S-ZIF-8. The Knoevenagel condensation−hydrogenation cascade reac-
tion was utilized to evaluate the catalytic activity of the obtained nanoreactors, which
exhibited high activity and stability. This was attributed to the following advan-
tages: (1) interconnected macropores improved the mass transfer of reactant and
product; (2) the hierarchical pore structure exposed more active sites and enhanced
catalytic performance; (3) the integrated yolk-shelled structures not only provided
a confined space but also improved the mechanical stability; (4) 3D-ordered yolk-
shelled nanoreactor with spatially isolated functionalities was able to realize cascade
reaction [60]. In addition, enzymes can also be introduced into the nanoreactors.
Yang et al. constructed a hierarchical yolk-shell@shell nanoreactor that spatially
positioned Pd nanoparticles and Candida antarctic lipase B (CALB) enzyme in sepa-
rated domains for tandem catalysis. In the one-pot dynamic kinetic resolution reac-
tion of 1-phenylethylamine, the bifunctional nanoreactors showed excellent activity
and selectivity [61]. Yang et al. reported that well-defined metal–organic cages were
introduced into amino-functionalizedmesoporous carbon (Cage@FDU-ED) through
confinement self-assembly. The resultant catalyst demonstrated high activity, selec-
tivity, and recyclability in the sequential oxidation-Knoevenagel condensation reac-
tion from alcohols to α,β-unsaturated dinitriles, whichwas attributed to the yolk-shell
structured nanoreactor combining the attractive features of metallosupramolecular
complexes and mesoporous heterogeneous catalysts [62]. The metal–organic cages
@shell structured nanoreactors as a promising platform will pave a new way for
heterogeneous sequential reactions.

23.4 Summary and Outlook

Over the recent years, yolk-shell structured nanoreactors have attracted increasing
research interests due to their appealing properties and widespread potential applica-
tions. The rational design and synthesis of yolk-shelled structured functional nanore-
actors are of great significance as both fundamental challenges in materials science
and practical solutions for organic transformation and other reactions in modern
society. In this chapter, we have surveyed both the main synthesis methods and
applications of yolk-shell structured nanoreactors in organic transformations. Special
focus has been paid to the synthesis strategies of yolk-shell structured nanoreactors.
However, these yolk-shell structured nanoreactors are still extremely basic, compared
to biological cells with highly optimized spatial and functional control. It remains a
challenge to develop novel yolk-shell structured nanoreactors with several, spatially
compartmentalized catalytic functions. Existing examples ofmultifunctional nanore-
actors are limited to few types of (acid, basic, and enzyme) organic moieties and
metal nanoparticles as active sites. Expanding and integrating more types of active
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species, andmeeting the need formore demanding sequential transformations are still
difficult to realize. It should be noted that the simultaneous application of multiple
synthesis strategies is the focus of synthetic functional catalysts. Therefore, it is
essential to have an in-depth understanding of the current synthetic approaches.
Better interpretation of reaction mechanism will not only help to design and produce
advanced materials with complex structures, but also allow to fabricate novel func-
tional materials through using yolk-shell structures as building blocks. We believe
that via optimizing synthesis strategies, yolk-shell structured functional nanoreactors
will show immense advantages in organic transformations andmeet the requirements
for industrial applications.
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Chapter 24
Design and Synthesis of Yolk–Shell
Nanostructured Silica Encapsulating
Metal Nanoparticles and Aminopolymers
for Selective Hydrogenation Reactions

Yasutaka Kuwahara and Hiromi Yamashita

24.1 Introduction

Yolk–shell nanostructured materials consisting of catalytically active core parti-
cles encapsulated by hollow silica materials are an emerging class of nano-
materials. Compared to the conventional periodic silica materials with narrow
micro/mesoporous channels (e.g., zeolite andmesoporous silica), hollow silicamate-
rials provide enclosed large cavity spaces that can accommodate a variety of catalyt-
ically active components (e.g., metal nanoparticles (NPs), metal oxides, and metal
complexes, etc.), and the outer silica shell serves as a physical barrier to protect the
encapsulated components. Continuous pores created in the silica shell region allow
the mass transfer of target reactant molecules and sometimes endow the molec-
ular sieving effect. Furthermore, the tunability and functionality in the core and the
shell regions can offer new catalytic properties, rendering them attractive platform
materials for the design of multifunctionalized heterogeneous catalysts [1–7].

In most studies on Yolk–shell nanostructured catalysts, the enclosed inner void
spaces are used for encapsulation of active catalytic components (such as metal NPs,
metal oxides, and metal complexes). In general, the hollow cavity spaces provide a
confined nanospace where reactant molecules are likely to be adsorbed and concen-
trated to efficiently react on catalytically active core particles, although the cause
for boosting targeted chemical reactions has not fully been understood. On the other
hand, decoration of interior space of the hollow cavity by incorporating additional
catalytic components other than the core particles to add further functionalities has
rarely been examined. It is expected that creation of further elaborated catalytic
nano-environments is possible by introducing co-catalysts or modifier materials
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within the hollow cavity spaces. Herein, we envisioned that hollow silica spheres
having enclosed large cavity spaces could be a reasonable option to encapsulate
functional polymers together with catalytically active metal NPs, which would lead
to the design and synthesis of new types of Yolk–shell nanostructured catalysts with
unprecedented unique catalytic performances. This is because the surrounding silica
shell is expected to act as a protective barrier to circumvent the leaching of the
polymer and sintering of metal NPs during the catalytic reactions, also leading to
improved stability and reusability of catalyst. However, encapsulation of bulky func-
tional polymers within hollow silica spheres to add functionalities has rarely been
examined so far [8–10]. Although there are many reports for the synthesis of Yolk–
shell nanostructured catalysts using costly polymers as organic templates, they are
typically removed unprofitably by thermal decomposition to create hollow cavities.

In this context, we have developed a new method to synthesize hollow silica
spheres encapsulating metal NPs and aminopolymer using aminopolymer itself as
an organic template [11], in which aminopolymers can strongly coordinate on metal
NPs to form aminopolymer-metal NP aggregate cores due to the presence of lone
pairs on N atoms of amines [12]. Recently, poly(ethylenimine) (PEI), a type of
aminopolymers, has attracted increasing attention as a promising organic-ligand
for immobilizing Pd NP catalysts, as well as a promising adsorbent for capturing
CO2. PEI is a physically sticky polymer (the degree of stickiness is dependent on the
molecularweight) and is soluble inwater and alcohols. Two types of PEI are commer-
cially available; linear PEI is almost exclusively composed of secondary amines,
whereas branched PEI contains primary, secondary, and tertiary amines. Abundant
amine groups in their polymer chains efficiently coordinate and immobilize Pd NPs,
enabling chemoselective semihydrogenation of both internal and terminal alkynes
[13]. In addition, these amine sites have an ability to reversibly adsorb/desorb CO2

in temperature swing process under both dry and humid conditions, thereby being
used as an adsorbent (typically combined with support solids) in Carbon Capture
and Storage (CCS) technology [14–16].

In this chapter, the design and development of a new type of Yolk–shell nanostruc-
tured silica composites encapsulating metal nanoparticles (NPs) and aminopolymer,
PEI, inside the hollow silicas are described. The synthesis of Yolk–shell structured
Pd−PEI−silica nanocomposites by a self-assembly approach using PEI as an organic
template is described. Such a Yolk–shell nanostructured catalyst shows high selec-
tivity and reusability in the semihydrogenation of both internal and terminal alkynes
to produce the corresponding alkenes, owing to the poisoning effect of PEI on Pd NP
surface, as well as the ability of silica shell to prevent leaching/aggregation of the
encapsulated components. Furthermore, a Yolk–shell nanostructured catalyst encap-
sulating PdAg NPs together with PEI shows an excellent catalytic activity under
moderate reaction conditions and reusability in the CO2 hydrogenation to produce
formate, owing to the CO2 capturing ability of PEI and the protective effect of the
silica shell. The synergistic interaction mechanisms of metal NPs and PEI within the
confined nanospace of hollow silicas are also addressed.
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24.2 Design of Yolk–Shell Nanostructured Catalysts
for Semihydrogenation of Alkynes

Semihydrogenation of alkynes to selectively produce alkenes is an important and
fundamental reaction for the synthesis of commodity chemicals and fine chemicals
[17]. Pd-based catalysts have been used as the overwhelming majority for liquid-
phase semihydrogenation of alkynes, in which inorganic or organic modifiers are
typically added to improve the selectivity toward alkene [18, 19]. For example, the
Lindlar catalyst (Pd/CaCO3 treated by Pb salts) has long been utilized as a benchmark
heterogeneous catalyst, but it suffers from some critical drawbacks such as high
toxicity of Pb and the low alkene selectivity toward terminal alkynes [20]. Pd NPs
modified with alkylthiol surfactants are known to show improved alkene selectivities
in the liquid-phase hydrogenation of alkynes [21–23]. Recently, poly(ethylenimine)
(PEI) emerged as promising supports for Pd NP catalysts. Abundant amine groups in
its polymer chain efficiently coordinate and immobilize Pd NPs, which provide high
chemoselectivity in the semihydrogenation of both internal and terminal alkynes in
the presence of 1 atm H2 [13]. However, the inherent difficulties in separation and
leaching of organic modifiers, as well as sintering of Pd species during catalytic use
limit their practical applications. Jones et al. synthesized Pd−PEI−silica composite
catalyst by immobilizing Pd NPs into a SBA-15 mesoporous silica functionalized
with PEI polymer, which showed excellent activity and selectivity in the liquid-
phase hydrogenation of diphenylacetylene [24]. Although porous silica appears to
be effective for immobilizing PEI and Pd NPs with good dispersion and stability,
leaching of amine-functional groups and Pd species during catalytic use through
open-ended pores and the associated activity reduction are still matters of technical
concern.

Herein, we envisioned that hollow silica spheres having enclosed cavity spaces
could be used as an ideal support to immobilize Pd NPs together with PEI, since
the hollow silicas are expected to act as rigid nanocages to circumvent the sintering
of Pd NPs and leaching of PEI during the catalysis, which would endow improved
stability and reusability of catalyst.

24.2.1 Synthesis of Hollow Silica Spheres Encapsulating Pd
Nanoparticles and Poly(ethyleneimine)

Selective introduction of functional polymerswith largemolecularweightswithin the
confined nanospace of hollow silica via a postsynthetic approach is quite difficult.
Therefore, we have developed a new method to synthesize hollow silica spheres
encapsulating Pd NPs and PEI (Pd + PEI@HSS) using PEI itself as an organic
template [11]. Figure 24.1 schematically depicts the synthetic procedure of Pd +
PEI@HSS composites using linear or branched PEI as organic templates. In the
first step, NaBH4 as a reducing agent was added to an EtOH–water–NH3 mixed
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Fig. 24.1 Schematic representation of the synthetic procedure of hollow silica spheres encapsu-
lating Pd NPs and poly(ethyleneimine) (Pd + PEI@HSS). Reprinted with permission from ACS
Catalysis, 2019, 9, 1993 Ref. [11]. Copyright 2019 American Chemical Society

solution containing designated amounts of PEI and Pd precursor (Na2PdCl4) (steps
1 and 2), in which PdCl42− ions entrapped by the nitrogen ligands on the polymer
chain are reduced to form Pd NP–PEI aggregates. In the following step, tetraethyl
orthosilicate (TEOS) as a Si precursor was added to the above solution (step 3). In
the presence of a base (NH3), condensation of TEOS occurs to form a silica network,
and silica shell is self-assembled around the Pd–PEI aggregates as nuclei through an
electrostatic interaction between amine groups on the polymer chain and hydrolyzed
TEOS. Following aging at moderate temperature leads to the formation of Pd +
PEI@HSS nanocomposites (step 4).

Pd + PEI(L)@HSS synthesized with linear PEI (Mw = 2,500) was composed of
spherical silicas with an average particle size of ca. 155 nm. TEM images clearly
showed that the silica spheres have hollow nanostructure with a silica shell thickness
of ca. 49 nm, and Pd NPs with an average diameter of 8.9 nm were observed in their
hollow spaces. The morphology of the final solid was strongly dependent on the
type and the molecular weight of PEI employed; branched-type PEI with a similar
molecular weight (Mw = 1,800) afforded smaller silica particles (average particle
size of ca. 107 nm) with thinner silica shells (ca. 36 nm). On the other hand, branched
PEI with a smaller molecular weight (Mw = 600) or with a larger molecular weight
(Mw = 10,000) resulted in the formation of solid silicas without any defined nanos-
tructure. Thus, an appropriate choice of PEI is required to synthesize Yolk–shell
nanostructured Pd–PEI–silica composite, since the size of Pd–PEI aggregates can be
varied depending on the molecular weight of PEI.

In scanning transmission electron microscope (STEM) and high-angle annular
dark-field STEM (HAADF-STEM) images of Pd + PEI@HSS, Pd NPs located
inside the hollow cavities were clearly observed (Fig. 24.2a, b). Mapping analysis
showed that the distributions of Si atoms and O atoms overlapped with the shell
region, and Pd atoms were seen in the hollow region (Fig. 24.2c–e), evidencing the
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Fig. 24.2 a STEM image, bHAADF-STEM image, c–f the corresponding STEM elemental maps
of c Pd, d Si, e O, and f N of Pd + PEI(L)@HSS. g STEM elemental line scan across the Pd
+ PEI(L)@HSS particle in b. Reprinted with permission from ACS Catalysis, 2019, 9, 1993 Ref.
[11]. Copyright 2019 American Chemical Society

formation of Yolk–shell nanostructure consisting of Pd NPs as a core and silica as a
shell. N atoms are uniformly distributed throughout the particles (Fig. 24.2f), indi-
cating that the PEI is present in both shell and hollow regions. The line mapping
of a selected silica particle confirmed the existence of N, C, and Pd atoms in the
same axial region (Fig. 24.2g), suggesting a close proximity between Pd NPs and
PEI. The presence of PEI (ca. 24.0 wt%) was confirmed by FTIR and thermogravi-
metric analyses, as well. Pd + PEI@HSS exhibited a clear hysteresis typical of
hollow-structured solids in the range of 0.4 < p/p0 < 1.0 in N2 adsorption–desorp-
tion isotherm. The Brunauer–Emmett–Teller (BET) surface area (SBET) and total
pore volume (V total) were determined to be 34 m2/g and 0.12 cm3/g, respectively.
The pore size distributions calculated by the Barrett–Joyner–Halenda (BJH) method
confirmed the existence of broadly distributed mesopores with an average pore size
of ca. 2.7 nm.

The coordination interaction between Pd NPs and PEI was characterized using
X-ray absorption fine structure (XAFS) measurement. The X-ray absorption edges
of the Pd + PEI@HSS were positioned between the absorption edges of Pd(0) foil
and Pd(II)O, indicating the coexistence of Pd(0) and Pd(II) species. In the radial
distribution functions (RDFs) obtained from the k3-weighted Pd K-edge extended
XAFS oscillations, Pd + PEI@HSS exhibited two distinct peaks ascribed to the
Pd(II) species ligated to the nitrogen moieties of the PEI (at around r = 1.6 Å) and
the Pd –Pd bond (at around r = 2.5 Å). These results, combined with elemental
mapping analysis, indicate that the encapsulated Pd species are mainly present as
Pd(0) NPs of which the surface is closely surrounded by PEI polymers.
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24.2.2 Semihydrogenation of Alkynes by Hollow Silica
Spheres Encapsulating Pd Nanoparticles
and Poly(ethyleneimine)

The synthesized Pd + PEI@HSS catalysts were initially assessed in the semihy-
drogenation of diphenylacetylene (1) with 0.5 mol % Pd in a flow of atmospheric
pressure of H2 at 30 °C (Fig. 24.3 (A)). Surprisingly, the Pd + PEI@HSS cata-
lyst synthesized with linear PEI afforded cis-stilbene (2) with 90% selectivity, and
trans-stilbene (3) and bibenzyl (4) were hardly produced even after an extended
time of reaction. On the other hand, Pd + PEI@HSS catalyst calcined in air (a PEI-
free analogue) gave 4 as the main product after an extended time of reaction. This
result clearly demonstrates that PEI can efficiently suppress the overhydrogenation
of stilbene owing to the productive poisoning effect on Pd NP. The Lindlar catalyst
(used with 5 mol% quinoline) as a benchmark catalyst provided 94.1% selectivity
toward 2 in 70 min of reaction but afterward showed a gradual decrease of selec-
tivity due to the overhydrogenation into 4. Pd/PEI as a silica-free analogue provided
an excellent alkene selectivity (96% (cis:trans = 97:3)), but the reaction rate was
apparently lower than that of Pd + PEI@HSS. Thus, the yolk –shell nanostructured
Pd–PEI–silica composites provided a superior activity and alkene selectivity in the
hydrogenation of internal alkyne.

The Yolk–shell nanostructured composite catalysts were also applicable to the
selective hydrogenation of phenylacetylene (5) as a terminal alkyne (Fig. 24.3 (B)).

Fig. 24.3 Reaction kinetics in the semihydrogenation of (A) diphenylacetylene and (B) pheny-
lacetylene over a Pd + PEI@HSS, b Pd + PEI@HSS calcined in air, c Pd/PEI, and d Lindlar
catalyst (+5 mol% quinoline). Reaction conditions: catalyst (Pd 0.5 mol%), reactant (1 mmol),
MeOH:1,4-dioxane = 1:1 (10 mL), 30 °C, under a flow of 1 atm H2 (10 mL/min). Adapted with
permission from ACS Catalysis, 2019, 9, 1993 Ref. [11]. Copyright 2019 American Chemical
Society
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The Pd+ PEI@HSS catalyst synthesized with linear PEI afforded up to 84.3% yield
of styrene (6) with an excellent alkene selectivity (87%), and subsequent hydro-
genation into ethylbenzene (7) was significantly suppressed even after the complete
consumption of 5. Such a retention of high styrene selectivitywas not observed for the
PEI-removed catalyst, demonstrating that the surface poisoning of Pd NPs with PEI
is the main cause for the improved alkene selectivity. A silica-free analogue, Pd/PEI,
showed a similar reaction trend but showed a decreased alkene selectivity after an
extended time of reaction. Lindlar catalyst was ineffective for the selective produc-
tion of 6 under identical conditions, giving 100% yield of 7 after an extended time
of reaction. Interestingly, Pd + PEI@HSS synthesized with branched PEI showed a
significant decrease in styrene selectivity after the complete conversionof 5, affording
7 as the main product. This result indicates that linear PEI more strongly coordinates
on Pd NPs than branched PEI does. It is conceived that the different coordination
ability of PEI is derived from themolecular structure of PEI; linear PEI, almost exclu-
sively composed of secondary amines with less steric hindrance, can coordinate on
Pd NPs more effectively, whereas branched PEI, containing primary, secondary, and
tertiary amines, has a reduced ability to coordinate on Pd NPs due to the considerable
steric hindrance around the tertiary amine sites. Thereby linear PEI allowed discrimi-
native adsorption of alkynes over alkenes and prevented the overhydrogenation, thus
lead to an increased alkene selectivity.

In the semihydrogenation of 1, Pd + PEI@PEI exhibited excellent recyclability
without any loss of activity and selectivity aswell as reaction rate during five repeated
runs. No significant structural changeswere identified in TEM images andN2 adsorp-
tion isotherms, and the leaching of PEI polymer and Pd NPs during the catalytic
reaction was negligible as well. The Pd K-edge FT-EXAFS analysis indicated that
the coordination between Pd(0) NPs and nitrogen ligands on PEI remained intact.
Furthermore, Pd + PEI@HSS catalyst provided good selectivity for the semihydro-
genation of other alkynes, including several kinds of aromatic and aliphatic internal
alkynes, under the presence of atmospheric pressure of H2. These results conclu-
sively indicate that Pd+ PEI@HSS catalyst can act as a stable, reusable, and efficient
heterogeneous catalyst in the liquid-phase semihydrogenation of alkynes.

24.3 Design of Yolk–Shell Nanostructured Catalyst
for Hydrogenation of CO2

The effort toward the reduction of anthropogenic carbon dioxide (CO2) and catalytic
conversion of CO2 into useful chemicals and fuels has been desirable in the past
few decades [25, 26]. Catalytic transformation of CO2 to formic acid (FA: HCOOH)
has especially been regarded as a key reaction for realizing sustainable hydrogen
energy cycles, because (i) FA can be used as a hydrogen storage compound with
high stability, nontoxicity, and high H2 storage capacity (4.4 wt.%) and (ii) CO2 can
be simultaneously stored in a chemically stable form [27, 28]. For the establishment
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of an efficient and economical hydrogen storage/utilization system utilizing CO2 as
an intermediate, the development of robust and reusable catalysts that can efficiently
and selectively convert CO2 to FA/formate is an urgent yet challenging task.

Recent studies demonstrated that the combination of Pd NPs (or PdAg NPs) with
N-containing basic supports, such as amine-functionalized silica [29–31], amine-
functionalized carbon [32, 33], and g-C3N4 [34–36], which promote CO2 adsorption
in the vicinity of the active Pd center, is the key for achieving high catalytic effi-
ciency. Aminopolymers/polyamines containing a high density of amines are alterna-
tive compounds to those N-containing supports. Owing to their abilities to capture
CO2 under dry or wet environments at ambient temperature conditions, they have
been employed as CO2 adsorbents for Carbon Capture and Storage (CCS) technolo-
gies [14–16]. Besides, with their strong coordination ability with metals, they have
been sometimes exploited as scaffolds to support metal complexes and metal NPs to
demonstrate direct CO2 transformation reactions [12, 37]. For example, Hicks et al.
immobilized an Ir complex on a PEI-tethered iminophosphine ligand, which afforded
formate from CO2 at 120 °C and at a pressure of 40 bar (CO2:H2 = 1:1) because of a
high CO2-capturing ability of PEI [38]. Olah and Prakash et al. reported direct hydro-
genation of CO2 to methanol at 125–155 °C and at a pressure of 75 bar (CO2:H2 =
1:3) using a pincer-type Ru complex catalyst containing electron-donating ligands
in the presence of pentaethylenehexamine, which can stabilize formate interme-
diate and boost the subsequent hydrogenation to produce methanol [39]. Thus, inte-
gration of a catalytically active center with high CO2 hydrogenation ability and
aminopolymer/polyaminewith CO2 capturing ability is expected to offer a promising
strategy to promote efficient CO2 hydrogenation; however, leaching of polymers and
aggregation of active metals under such severe reaction conditions, and the resulting
deactivation of catalyst still remain as major concerns.

Herein, we envisioned that hollow silica spheres having enclosed cavity spaces
could be used as a promising platform to encapsulate PdAg NPs as a catalytic active
center and PEI as a CO2 adsorbent, since the silica shell is expected to act as a
protective barrier to prevent the sintering of PdAg NPs and leaching of PEI under
severe reaction conditions required for CO2 hydrogenation.

24.3.1 Synthesis of Hollow Silica Spheres Encapsulating
PdAg Alloy Nanoparticles and Poly(ethyleneimine)

The hollow mesoporous organosilica spheres encapsulating PdAg NPs and PEI
(PdAg + PEI@HMOS) were synthesized on the basis of the method mentioned
in the previous section [40]. Figure 24.4 schematically depicts the synthetic proce-
dure of PdAg + PEI@HMOS composites using branched PEI (Mw = 1800) as an
organic template. First, NaBH4 as a reductant was added to an EtOH–water–NH3

mixed solution containing designated amounts of PEI, Pd precursor (Na2PdCl4),
and Ag precursor (AgNO3) to form PdAg NP–PEI aggregates as nuclei (steps
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Fig. 24.4 Schematic illustration of the synthetic procedure for hollow mesoporous organosilica
spheres encapsulating PdAg NPs and PEI (PdAg+ PEI@HMOS). Reprinted with permission from
ACS Catalysis, 2020, 10, 6356 Ref. [40]. Copyright 2020 American Chemical Society

1 and 2). Subsequently, two kinds of Si sources, tetraethyl orthosilicate (TEOS)
and 1,4-bis(triethoxysilyl)benzene (BTEB), together with a pore-directing agent
(cetyltrimethylammonium bromide (CTAB)) were added to create mesoporous
organosilica network around the PdAg–PEI aggregates (step 3). BTEB was added to
form organosilica shell, because organosilica network is known to be more tolerant
to alkaline environment compared with pure siliceous network [41, 42]. The solution
was aged at 35 °C for 24 h under gentle stirring, which induced a gradual transforma-
tion of solid spheres into hollow spheres via a continuous etching and recondensation
of the silica species, thus resulted in a formation of PdAg+ PEI@HMOS composite
(step 4).

PdAg + PEI@HMOS was composed of spherical silicas with an average particle
size of ca. 300 nm some of which are interconnected with each other (Fig. 24.5a). A
hollow structure with an average shell thickness of ca. 50 nm was clearly observed
in TEM images, and fine NPs (ave. diameter = 3.0 nm) with a uniform distribution
were observed inside their hollow cavity spaces (Fig. 24.5b, c). The distributions of Si
atoms andOatomswerewell coincidedwith the shell region (Fig. 24.5d–g), verifying
the formation of hollow silica structure. N, C, Pd, andAg atomswere homogeneously
distributed throughout the particle (Fig. 24.5h–k), indicating that PEI and PdAg NPs
are located in both shell and hollow cavity regions. In the line mapping of a selected
silica particle, N, C, Pd, and Ag atoms were uniformly distributed in the same axial
region (Fig. 24.5m), suggesting a spatial proximity between PdAg NPs and PEI in
the confined nanospace.

PdAg + PEI@HMOS exhibited an N2 adsorption–desorption isotherm with a
sharp increase in low relative pressure region and a large hysteresis in the range of
0.5 < p/p0 < 1.0, indicating the existence of hollow cavity spaces surrounded by
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Fig. 24.5 a FE-SEM image, b, c TEM images (inset in c shows HAADF-SETM image of aggre-
gated metal particle), d STEM image, e HAADF-STEM image, f–k and the corresponding STEM
elemental maps of f Si, g O, h C, i N, j Pd and k Ag of PdAg + PEI@HMOS. l Illustration and
m elemental line scan across the PdAg + PEI@HMOS particle along with the direction shown
in e. Reprinted with permission from ACS Catalysis, 2020, 10, 6356 Ref. [40]. Copyright 2020
American Chemical Society

narrow mesopore channels. Based on the N2 physisorption data, the peak pore diam-
eter was estimated to be 1.8 nm by BJHmethod, and the BET surface area (SBET) and
total pore volume (V total) were calculated to be 401m2/g and 0.50 cm3/g, respectively,
showing a highly porous nature sufficient for the reactants to access PdAgNPs. Ther-
mogravimetric (TG) analysis showed two major weight losses, which were ascribed
to the decomposition of PEI and benzene moieties in the shell. Solid-state 13C cross-
polarization magic angle spinning (CP/MAS) nuclear magnetic resonance (NMR)
spectrum showed an intense signal at δ = 133.8 ppm, which was assignable to the
aromatic carbons connected to the siloxane networks, and several signals in the range
of δ = 20–70 ppm, which were ascribed to the carbon atoms contained in branched
PEI. These results corroborate that the chemical structure of PEI was retained and Si-
connected benzene units were successfully incorporated in the HMOS matrix upon
the synthesis of PdAg + PEI@HMOS.

The chemical states of Pd and Ag atoms were analyzed with XPS and XAFS
measurements. XPS spectra for Pd 3d and Ag 3d core levels showed obvious peaks
afterAr etching,whereas no peakswere detectedwithout etching treatment, verifying
the selective encapsulation of Pd and Ag species inside the HMOS particles. The
Pd component of PdAg + PEI@HMOS was found to be more electronegative in
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comparison with that of Pd + PEI@HMOS (synthesized without Ag). This result
indicates the formation of more electron-enriched Pd species by alloying with Ag,
due to a net charge transfer from Ag to contiguous Pd atoms possessing different
ionization potentials [43]. In the Pd K-edge FT-EXAFS spectra, an intense peak
for Pd–Pd bonds and a small peak for Pd–N bonds were observed due to the strong
ligation of Pd atomswith amine sites of PEI [11, 32]. Furthermore, the Pd–Pddistance
in the PdAg + PEI@HMOS catalyst was slightly longer compared with that for Pd
foil andAg-free analogue, whichmight be due to the creation of heteroatomic Pd–Ag
bonds [32, 43]. These facts conclusively indicate that metallic PdAgNPs are encaged
within HMOS particles together with PEI in close proximity.

24.3.2 Hydrogenation of CO2 by Hollow Silica spheres
Encapsulating PdAg alloy nanoparticles
and Poly(ethyleneimine)

Gibbs free energy change for the direct CO2 hydrogenation to FA in aqueous solution
is slightly negative (CO2(aq.)+H2(aq.)→HCOOH(aq.),�G°

298 = −4 kJ/mol). An
alkaline aqueous solution containing homogeneous bases (such as NEt3, NaHCO3,

and NaOH) can decrease Gibbs free energy change by transforming CO2 to formate
salts as products (CO2(aq.)+H2(aq.)+B→HCO2

−(aq.)+BH+ (B: base),�G°
298

= − 35.4 kJ/mol), hence accelerates the reaction rate [44]. To eliminate the possi-
bility of adventitious formate generation from initially added homogeneous bases
(e.g. NaHCO3), CO2 hydrogenation in this study was examined using 0.1 M NaOH
aqueous solution.

PdAg+ PEI@HMOS catalyst exhibited the highest activity under a total pressure
of 2.0 MPa (CO2:H2 = 1:1) at 100 °C, affording a substantial turnover frequency
(TON) of 2754 in 22 h based on the number of Pd atoms contained in the cata-
lysts, which corresponds to a turnover frequency (TOF) of 125 h−1 (entry 1 in
Table 24.1). It is worth noting that the TOF achieved by the PdAg + PEI@HMOS
is higher than the values of other Pd-based heterogeneous catalysts reported in
the literature under similar conditions; Pd/mpg-C3N4 (1.6 h−1 at 100 °C, 4 MPa
in NEt3 aq.) [34, 35], PdAg/SBA-15-phenylamine (36 h−1 at 100 °C, 2 MPa in
NaHCO3 aq.) [29], PdAg/amine-modified mesoporous carbon (35 h−1 at 100 °C,
2 MPa in NaHCO3 aq.) [32], PdAg/amine-modified resorcinol–formaldehyde poly-
mers (36 h−1 at 100 °C, 2MPa in NaHCO3 aq.) [33], and PdAg@mesoporous hollow
carbon sphere (112 h−1 at 100 °C, 2MPa inNaHCO3 aq.) [45], and it was even higher
than that of Pd@Ag/TiO2 (104 h−1 at 100 °C, 2 MPa in NaHCO3 aq.) [43]. Unsup-
ported PdAg/PEI in the form of colloidal solution gave a significantly lower activity
than PdAg + PEI@HMOS (TON = 430, entry 8), because of the aggregation of
PdAg NPs during the reaction. Ag-free analogue (Pd + PEI@HMOS) synthesized
without the addition of Ag was found to be less active (TON = 455, entry 2) than
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PdAg + PEI@HMOS. This result can be interpreted by the creation of more elec-
tronegative Pd atoms caused by charge transfer from the neighboring Ag(0) atoms. A
PEI-free analogue (PdAg@HMOS), synthesized via calcination in air and a subse-
quent hydrogenation with H2 at 200 °C, afforded TON of 279 under the identical
conditions (entry 3),whichwas one tenth lower than that of thePdAg+PEI@HMOS.
External addition of branched PEI together with PdAg@HMOS showed a substan-
tial activity improvement compared with PdAg@HMOS alone, giving TON of 550
(entry 4), but it was far lower than that of the PdAg + PEI@HMOS. These results
clearly demonstrate that PEI confined in the hollow cavity of HMOS plays a vital
role for boosting the hydrogenation activity of PdAg NPs in the present catalytic
system.

Kinetic analyses revealed that the CO2 hydrogenation rate became less dependent
on CO2 pressure when PEI was encapsulated in HMOS (Fig. 24.6a), while the reac-
tion order against H2 pressure remained unchanged irrespective of the presence or
absence of PEI (Fig. 24.6b). This result indicates that the CO2 adsorption/insertion
step is significantly facilitated by PEI, while the H2 dissociation step to form active
Pd-hydride is hardly influenced by PEI. In a gas-phase CO2 adsorption measure-
ment under humid CO2 condition, a higher uptake of CO2 was observed for PdAg
+ PEI@HMOS (0.64 mmol-CO2/g), which was 7.7-fold higher than that of PEI-
free analogue (0.08 mmol-CO2/g) (Fig. 24.6c). CO2 adsorption behavior over these
two samples was further monitored by in-situ FTIR spectroscopy (Fig. 24.6d). The
PdAg + PEI@HMOS catalyst exhibited several absorption bands originating from
CO2 upon exposure to water-saturated gaseous CO2, while such bands were hardly

Fig. 24.6 a Double logarithm plots of TON and the partial pressure of CO2 (PCO2) and b double
logarithm plots of TON and the partial pressure of H2 (PH2) in the CO2 hydrogenation over PdAg+
PEI@HMOS and PdAg@HMOS catalysts (Reaction conditions: catalyst (10 mg, Pd 0.38 μmol),
solvent (0.1 M NaOH aq., 15 mL), Temp. = 100 °C, t = 2 h). c Kinetics in CO2 adsorption at
40 °C under a flow of 10% CO2/N2. d in-situ FTIR difference spectra of CO2 desorbed from CO2-
saturated samples at 100 °C as a function of time under a flow of N2. e Plausible reactionmechanism
for the CO2 hydrogenation to produce formate over PdAg + PEI@HMOS catalyst. Reprinted with
permission from ACS Catalysis, 2020, 10, 6356 Ref. [40]. Copyright 2020 American Chemical
Society
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observed on PEI-removed catalyst. In addition, the low-intensity absorption band
assignable to the vibration of C=O bond derived from the weakly adsorbed carba-
mate species was detected, which was easily desorbed under a flow of N2. These
results conclusively indicate that the amine sites of PEI serve as CO2-capturing sites
to adsorb/enrich CO2 molecules, most likely forming ionic carbamate species, and
facilitate the access of CO2 to the neighboring active PdAg NPs, thus affording a
higher catalytic activity.

Figure 24.6e depicts a possible reaction mechanism for CO2 hydrogenation over
PdAg + PEI@HMOS catalyst. A gaseous H2 is activated and dissociated on PdAg
NPs to form active Pd-hydride species (step 1). Simultaneously, a gaseous CO2 is
captured by the amine sites on PEI through an ionic carbamate formation and is
concentrated nearby the PdAg NPs, in which an initially formed zwitterionic inter-
mediates (i.e., RNH2 + CO2 → RN+H2…COO−) undergo deprotonation by a free
strong base in aqueous solution (OH−), thereby resulting in a carbamate formation
(i.e., RN+H2…COO− + OH− → RNHCOO− + H2O) (step 2). Then, nucleophilic
attack by the hydride species onto C atoms of the carbamate intermediate takes place
to give a formate intermediate (step 3). In this step, the electron-rich Pd species,
caused by the electron donation from the surrounding Ag atoms, provides a more
negative hydride species, which is more reactive for the nucleophilic attack to the
C atoms than that formed on monometallic Pd NPs. Finally, formate is produced as
a result of acid-base neutralization in an alkaline environment, which regenerates
the initial active species (step 4). Thus, PEI plays an important role in this catalytic
cycle primarily by promoting the adsorption/enrichment of CO2 in the vicinity of
PdAgNPs and possibly by entrapping the produced formate anions. Such cooperative
action between PEI and PdAgNPs explains the high catalytic activity for CO2 hydro-
genation. Besides the above direct CO2 hydrogenation mechanism, some fractions of
CO2 molecules may be hydrogenated through a typical bicarbonate hydrogenation
route (HCO3

− +H2 →HCOO− +H2O), inwhich PEI also serves as productive sites
to promote the adsorption/enrichment of bicarbonate ions in the vicinity of PdAg
NPs, thus accelerating the hydrogenation rate.

The PdAg + PEI@HMOS catalyst was easily recoverable and reusable at least
five cycleswithout any appreciable loss ofCO2 hydrogenation ability, reaching a total
TON of 13,700 over 110 h of reaction, demonstrating its long-term stability. STEM
image and N2 physisorption measurement revealed that the original hollow structure
remained unchanged even after the repeated catalytic cycles, and the agglomeration
of PdAg NPs was hardly observed. Furthermore, leaching of Pd, Ag, and PEI in
the reaction solution was negligible, and the coordination structures of Pd and Ag
atoms in PdAgNPswere unchanged upon the reusability test. Such excellent catalyst
reusability and stability are likely to be endowed by the ability of HMOS to protect
the encapsulated components and its high alkali-tolerant property.



408 Y. Kuwahara and H. Yamashita

24.4 Summary and Outlook

In this chapter, we showed the design and synthesis of new types of Yolk–shell
nanostructured catalysts encapsulating Pd NPs together with PEI, which showed
unprecedented unique catalytic performances in (i) semihydrogenation of alkynes
to alkenes and (ii) CO2 hydrogenation to formate. In the former case, the Yolk–
shell nanostructured composite could act as an efficient and reusable heterogeneous
catalyst in the semihydrogenation of alkynes in the presence of 1 atm H2, giving a
markedly improved alkene selectivity. This was attributed to the poisoning effect of
PEI on the Pd NP surface to allow discriminative adsorption of alkynes over alkenes.
In the latter case, the Yolk–shell nanostructured composite displayed a significantly
higher catalytic activity for CO2 hydrogenation to produce formate, under relatively
mild conditions, compared with other supported Pd catalysts reported so far, owing
to the ability of PEI to capture CO2. Thus, it was demonstrated that integration
of a catalytically active center with hydrogenation ability and aminopolymer with
unique chemical properties within a confined hollow silica nanospace can offer new
catalytic nano-environments. In both cases, hollow silica spheres having enclosed
large cavity spaces could act as a rigid nano-cage to prevent leaching and aggregation
of Pd NPs and PEI during the catalytic reactions, which led to an improved stability
and reusability of the catalysts.

As demonstrated in the latter case, further tuning of core particles (alloying with a
secondarymetal) and controlling the porosity in the silica shell (creatingmesopores),
as well as adding further functionalities in the silica shell (incorporating organic
moieties) is possible, while retaining the Yolk–shell nanostructure, which would
allow us to design and synthesize further elaborated heterogeneous catalysts effective
for targeted chemical reactions. Hollow carbon spheres and hollow-structured metal
oxides have also been exploited recently as host materials alternative to hollow silica
spheres in order to construct similar multifunctionalized heterogeneous catalysts.
Furthermore, it is highly expected that encapsulation of other functional polymers,
other than PEI, could offer undiscovered new catalytic opportunities and syner-
gism for Yolk–shell nanostructured catalysts. However, there are still some technical
challenges for the synthesis of Yolk–shell nanostructured catalysts; for example,
establishing controllable fabrication with desired morphology, composition, shell
thickness, and catalytic performances. Developing simple and low-cost methods for
large-scale preparations is also important for their practical applications. Funda-
mental studies to understand the structure–activity relationship and the cooperative
action between the encapsulated catalytic components are also important to optimize
the nanostructures.

In summary, the development of Yolk–shell nanostructured catalysts with multi-
functionalities can be regarded as a potential research area and is worthy of further
investigation. We expect that our catalyst design strategy combined with the advan-
tages of hollow silicas and aminopolymers opens up a new opportunity for the devel-
opment of a wide range of multifunctionalized heterogeneous catalysts in the near
future.
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Table 24.1 CO2 Hydrogenation to produce formate using various Pd catalystsa

Entry Catalyst Temp
(°C)

Time
(h)

TONb TOFb

(h−1)

1 PdAg + PEI@HMOS 100 22 2754 125

2 Pd + PEI@HMOS 100 22 455 20.7

3 PdAg@HMOS
(without PEI)c

100 22 279 12.7

4 PdAg@HMOSc + PEI
(physical mixture)d

100 22 550 25

5 PdAg/fumed SiO2 100 22 63 2.9

6 PdAg/ACe 100 22 71 3.2

7 PdAg/TiO2
f 100 22 519 23.6

8 PdAg/PEI 100 22 430 19.5

aReaction conditions: catalyst (10 mg, Pd 0.38 μmol), solvent (0.1 M NaOH aq., 15 mL), H2
(1.0MPa), CO2 (1.0MPa). bCalculated based on the number of Pd atoms contained in the catalysts.
cPrepared from PdAg + PEI@HMOS by calcination in air at 500 °C, followed by H2 reduction at
200 °C. d8.0 mg of PdAg@HMOS (without PEI) and 2.0 mg of branched PEI (Mw = 1,800) was
used. eActive carbon (Osaka Gas Chemicals, Shirasagi®) was used as a support. fTitanium dioxide
(Evonik, P25®) was used as a support
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Chapter 25
Inspiration of Yolk-Shell Nanostructures
Toward Completely Adjustable
Heterogeneous Catalysts

Hyunjoon Song

25.1 Introduction—Importance of Model Catalysts
for Heterogeneous Catalytic Reactions

Today, more than 80% of industrial products are being made using catalysts, mostly
in heterogeneous forms. There have been many catalytic reactions developed in a
state-of-the-art manner, including methanol synthesis, Fischer-Tropsch reactions,
CO insertion, and so on. Although these catalysts have intensively been studied
for several decades, their fundamental aspects were still hardly understood mainly
due to numerous factors essential to reaction activity, extreme sensitivity on reac-
tion environments, and complex intermediate structures in multiple phases. Hence,
heterogeneous catalysts are still in the state of ‘black box’, and their development
depends on works-by-accident or trial-in-error in the lack of deep understanding.

To overcome these difficulties, many researchers tried to simplify the catalyst
morphology and devise characterization tools tomatch the catalyst dimensions. They
began to use a single crystalline metal surface as a two-dimensional ‘model catalyst’,
and put gas-phase reactants to be adsorbed on the surface. Then, surface-sensitive
spectroscopic techniques provided critical information on surface states and inter-
mediate structures, which could successfully unveil reaction mechanisms on the
surface. From these observations, the surface heterogeneity, including steps, kinks,
and holes, was more significant in the reaction activity and selectivity than the flat
surface was. Therefore, actual reaction sites and species became the most critical
parts to be identified for understanding catalytic properties [1].

Although two-dimensional model catalysts made us understand the intermediate
structures and mechanistic details in many heterogeneous systems, actual catalysts
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are in three dimensions. Moreover, the most common forms of the heterogeneous
catalysts are bifunctional with metal nanoparticles on metal oxide supports [2]. To
approach these real systems, better catalyst models in three dimensions are required.

25.2 Bifunctional Catalysts in Discrete Structures

Since nanochemistry and nanotechnology have emerged, researchers could synthe-
size nanoparticles with various sizes, shapes, and compositions. It opened a new
possibility to revisit structure-property relationships in various reaction systems.
Yang and Somorjai et al. firstly designed new three-dimensional model catalysts.
Bifunctional catalysts involve two separable parts—active nanoparticles and high
surface area supports. The size and shape of the nanoparticles are modulated by
synthetic techniques in nanoscale. The pore size and arrangement of the supports are
also precisely controllable. If we simply mix together and induce the chemical inter-
action between two parts, all factors would be separately adjustable [3]. In the exper-
iment, Pt nanoparticles were synthesized in the presence of the identical surfactant—
poly(vinyl pyrrolidone) (PVP). As the reaction temperature increased, the reduction
rate increased, and the particle size decreased. Consequently, the portfolio of the Pt
nanoparticle size was obtained in the range of 1.7–7.1 nm. Then, the particles were
embedded in the representative mesoporous silica, SBA-15, which had straight chan-
nels with a very regular pore size. This methodwas the so-called ‘capillary inclusion’
(Fig. 25.1a), which had the only variant of particle size, otherwise identical cata-
lyst structure [4]. The activities of two distinct reactions showed the exact particle-
size dependencies as expected in two-dimensional model systems. The catalysts
showed constant activities in ethylene hydrogenation, but exhibited linear depen-
dence on particle size in ethane hydrogenolysis. This system was the first example of

Fig. 25.1 Three-dimensional bifunctional model catalysts synthesized through (a) a capillary
incipient method, and (b) a nanoparticle encapsulation method
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a ‘three-dimensional’ model catalyst showing a direct particle size-catalytic activity
relationship with only one control factor.

Although the capillary inclusion method was successful in showing the size-
dependent reaction properties, the particles might behave as independent catalysts
without interaction with supports. To make the real bifunctional catalysts, the reac-
tion mixture was prepared with the pre-defined nanoparticles. It formed mesoporous
silica walls bearing the nanoparticles under the synthetic conditions, which was the
so-called ‘nanoparticle encapsulation’ (Fig. 25.1b) [5]. The resulting bifunctional
catalysts showed no dependency for ethylene hydrogenation but a strong correla-
tion on particle size for ethane hydrogenolysis. By these three-dimensional model
catalysts, they confirmed the literal particle size dependencies of the heterogeneous
catalytic reactions without ambiguous interference of other factors. Based on the
results, the term ‘nanostructured catalyst’, briefly ‘nanocatalyst’, could be defined as
the catalyst having a well-defined nanostructure where its size, morphology, compo-
sition, and surface structure are precisely adjusted by chemical and physical synthetic
techniques [6].

25.3 Inspiration of Yolk-Shell Structure Design

Using discrete nanoparticles, constructing bifunctional catalysts were able to show
the size-dependent reaction properties directly. However, the other part of the bifunc-
tional catalysts, the support, still had a continuous morphology more than microm-
eters in size. Toward the perfect control of the bifunctional catalysts, the void space
(or pores) as well as the active particle surface is better to be in the same dimen-
sion to be precisely controllable in the same way. In this respect, the support size
would be reduced to nanometers, comparable to the size of nanoparticles. But the
metal particles should still be embedded inside the pores. Then, the perfect design
would be a metal-metal oxide hybrid structure, and the metal particle is surrounded
by nanostructured metal oxide support—it may be a core-shell structure. However,
direct contact of the metal particle and the metal oxide support may block the active
surface to limit the reactant and product diffusions. To avoid it, the metal particle
should be detached from the metal oxide layer, and the final catalyst design was the
metal cores located in the void inside the metal oxide hollow layer [7]. Initially, this
structure was called a ‘nanorattle’ based on its shape. But many researchers preferred
to use the term ‘yolk-shell’, to compare with the core-shell nanoparticles, although
some people argued that the structure did not have any egg whites in the void region.

25.3.1 Nanosized Reactors or Nanoreactors

The first use of the yolk-shell designwas described in the nanoscale hollow formation
by the Kirkendall effect. Alivisatos and Somorjai et al. observed that the oxidation
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Fig. 25.2 Nanoreactor concepts on Au@SiO2 yolk-shell catalysts with different core sizes formed
by the core dissolution with KCN Adapted with permission from Ref. [9]

of Co nanoparticles made a hollow structure due to the difference in diffusion rates
inward and outward. When the Pt@Co core-shell nanoparticles were oxidized, a
Pt@CoOx yolk-shell structure was yielded, which was used for ethylene hydrogena-
tion. They used the term ‘nanoreactor’, because the CoOx hollow shell structure was
similar to that of the reaction chamber with a nanoscale void, and it contained a Pt
nanoparticle catalyst inside [8].

The nanoreactor was established as a general concept when the metal@silica
yolk-shell nanoparticles were used as a catalyst. Song et al. synthesized Au@SiO2

core-shell nanoparticles, where the Au core was partially dissolved by KCN treat-
ment [9]. The core size was controlled from 104 to 67 and 43 nm by the repetitive
treatment (Fig. 25.2). The resulting Au@SiO2 yolk-shell structure was employed as
a catalyst for the reduction of p-nitrophenol in the presence of NaBH4. The reactions
followed pseudo-first-order kinetics, which was monitored by UV-Vis spectroscopy.
Interestingly, the core-shell structure did not progress any reaction, but the yolk-
shell structures with different sized Au cores exhibited strong size dependency on
the reaction rate and turnover frequency (TOF). In particular, the TOF increased five
times from 6.6 to 36 s−1 as the particle size decreased from 104 to 43 nm, due to the
increase of low coordination sites in smaller nanoparticles.

25.3.2 Enzyme-Mimicking Active Chambers

An enzyme is a biocatalyst in nature and is known to be the most effective catalyst
in numerous reactions, even with high activation energies. In organometallics, many
researchers tried to mimic the structure of active centers and their environments.
The main features near the active centers of metalloenzymes are: the metal center is
located in the pockets surrounded by proteins. The ligands coordinating to the metal
center alter its electronic property, and the surrounding environment offers steric
hindrance as well as functionalities enhancing intermediate stability. The pockets
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Fig. 25.3 Striking similarity of yolk-shell nanoparticles to the enzyme structure

have pores and holes to diffuse substrates and products and are sometimes dynamic
in structure as the response of binding the substrates. All these factors promote the
reaction progress and surprisingly enhance catalytic properties despite neutral and
ambient reaction conditions.

The yolk-shell structure shows notable similarity to the enzymes, although the size
range is different (Fig. 25.3). The active metal domain is located at the void center,
which is surrounded by metal oxide hollow shells. The surfactants and ligands,
binding at the metal surface, influence reaction activity. The hollow shells have
mesopores which can control the diffusion of reactants and products. Specific func-
tionalities may be introduced either on the metal surface or on the inner side of the
hollow structure to assist the reaction property.

In the actual experiments, Song et al. changed the porosity of silica shells by
introducing a different amount of porogens, C18TMS (octadecyltrimethoxysilane)
[10]. After the thermal treatment, the diffusion coefficient of solvents changed 3.5
fold, and the turnover frequency of o-nitroaniline reduction increased 7 times. For the
demonstration of the functionality on the environment, 3-MPA (3-mercaptopropionic
acid) was added to theAu@SiO2 yolk-shell particles. At pH 13, the functional groups
exposed on the surface were carboxylate anions, which may form a strong hydrogen
bonding with the amine groups of o-nitroaniline, and increase the retention time on
the gold surface. It resembled cooperative ligands in the active sites of enzymes, and
the reaction rate constant increased by 2.4 times compared to the unfunctionalized
catalyst. As a result, the combination of porosity and functionality control could tally
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enhance the reaction rate constant by 13 folds compared to the original Au@SiO2

yolk-shell catalyst.

25.4 Assistive Functions of Shell Layers

The yolk-shell catalysts are very special in structure due to the presence of shell
layers. In bifunctional catalysts, metal oxide supports stabilize active metal nanopar-
ticles, and help to transfer the reactants into the metal surface [2]. The functions of
the shell layers in the yolk-shell catalysts are basically the same, but their effects are
more profoundly presented in chemical and physical properties.

25.4.1 Chambers of Solution- and Solid-Phase Reactions

In general, solution-phase reactions havebeenwidely used for the synthesis of various
nanostructures. However, solid-state reactions could not be applied due to their high
reaction temperature and severe agglomeration. In this aspect, Lee et al. employed
thermally stable silica hollow structures as nanospace-confinedmedia, and proceeded
various solution- and solid-phase reactions inside the void space (Fig. 25.4) [11]. In
the presence of a Au seed inside the silica hollow, Au, Ag, Ni, and Pt particles were
directly grown through the addition ofmetal precursors and reducing agents.Multiple

Fig. 25.4 General concepts of the reactions on nano-confined media. Adapted with permission
from Ref. [11]
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reductions also happened to yield multicomponent hybrid structures. Manganese
oxideswere unique because they behaved both as sacrificial templates and reductants.
By sequential metal deposition, manganese oxides led to form complicated hybrid
structures.

The high thermal stability of the silica shells served as excellent reaction cham-
bers for high-temperature solid-state reactions. At high temperatures, metals easily
formed alloys at first, but further aging led to phase segregation and migration.
When all metals were located at the center of the hollow silica shells, the degree
of heating changed the metals into eccentric positions, and the metals finally pene-
trated the porous silica shells to be exposed outward. Simultaneous phase segre-
gation could generate complex structures containing different metal domains. For
instance, Fe/Au/Pd components formedalloys inside the silica, andprolongedheating
migrated themetal core from the center to the shell layer and eventually to the outward
position. Oxidation in air generated complicated (AuPd@Fe3O4)@SiO2 structures
[12].

25.4.2 Protective Layers

Metal nanoparticles are readily agglomerated under the harsh reaction environment.
However, the yolk-shell structure is very stable due to the existence of highly stable
silica layers outside. If the reaction temperature was not as high as a melting point,
the neighboring metal cores could not touch each other, and therefore, thermal and
chemical stability enormously increased.

Song et al. synthesized Ni@SiO2 yolk-shell catalysts by coating the silica layers
and partial dissolution of the nickel cores [13]. The catalysts were employed for
steam methane reforming reactions at 700 °C. It was surprising that even a high
metal loading exceeding 90% was plausible without particle agglomeration, and the
conversionwas quantitative formore than 4hunder the severe conditions (Fig. 25.5a).

Fig. 25.5 aNi@SiO2 yolk-shell nanocatalysts for steammethane reforming reactions. bNi@SiO2
nanoparticles with tiny Ni cores for hydrogen transfer reactions. Adapted with permission from
Ref. [14]
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To increase the reactivity undermild conditions, the particle size should be reduced
to a few nanometers. It makes the active surface; however, the aggregation gener-
ally occurs during the reaction. The yolk-shell structure is another approach to
resolve this issue. Tiny Ni@SiO2 yolk-shell nanoparticles were synthesized through
a microemulsion method followed by partial core dissolution. The resulting Ni core
size was as small as 3 nm (Fig. 25.5b) [14]. Due to the protective silica layer, the
catalyst showed high activity on hydrogen transfer of acetophenone with excellent
recyclability. Tiny Pd@SiO2 yolk-shell catalysts were also prepared with a maxi-
mized pore density and were employed for Suzuki coupling reactions of aryl halides
[15]. At room temperature, the reaction activity was similar to that of the freestanding
Pd precursors. Still, at 473 K, the catalyst exhibited extremely high activity with a
TOF of 78,000 h−1, whereas the other Pd catalysts significantly dropped it. The core-
shell structures also exhibited similar high-temperature stability, but could not show
any peculiar activity under the mild organic reaction conditions, presumably due to
the low diffusion rates of the reactants through the shell layers.

25.4.3 Molecular Sieves for Size Selective Reactions

The high surface area supports containing micropores such as zeolites are known to
behave as molecular sieves separating molecules in size. The shells of the yolk-shell
structure also played a role to penetrate molecules smaller than their pores into the
void, where the metal cores catalyzed the reactions. As a result, the catalysts could
exhibit strong size-selectivity.

Schüth et al. synthesized Pd/polymer nanocomposites via emulsion polymeriza-
tion, and converted them into Pd@microporous carbon yolk-shell particles after
pyrolysis at 500 °C [16]. The resulting Pd/C@HCS structure carried out selec-
tive hydrogenation of nitrobenzene quantitatively, whereas the conversion of 9-
nitroanthracene was less than 5%. It was ascribed that the transport of anthracene
was restricted by the small micropores. Tsung et al. used a metal organic frame-
work, ZIF-8, which was promising in gas separation and storage, as a shell material
[17]. The resulting yolk-shell Pd@ZIF-8 nanocatalyst successfully proceeded the
hydrogenation of ethylene and cyclohexane, but showed no activity for cyclooctene,
because the size of cyclooctene (5.5 Å) was much bigger than the pore aperture (3.4
Å).

25.5 Assistive Functions of Core Particles

Metal cores commonly act as active catalysts, but in some cases, shell layers carry
out catalytic reactions, and the metal cores assist their functions.
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25.5.1 Molecular Sensing Probes

Heterogeneous catalysts comprise an ensemble of distinct surfaces. Therefore,
intrinsic heterogeneity of the surfaces makes the catalytic mechanism very hard to
understand. If we can monitor the reactions on individual nanoparticles, the reaction
process would be precisely resolved. For this purpose, Song et al. synthesized Pt/CdS
hollow nanocubes using Galvanic replacement of Ag cubes and subsequent sulfida-
tion and cation exchange reactions [18]. By the irradiation, the catalyst dissociated
lactic acid generating hydrogen gas. In an analogous way, Au@Pt/CdS yolk-shell
nanocubes were also prepared from Au@Ag nanocubes, where the individual struc-
ture had a Au core at the void surrounded by the Pt/CdS hollow nanocube. The
Au core at the center behaved as a molecular sensing probe to monitor the reaction
progress at a single particle level (Fig. 25.6a). By the irradiation of visible light,
hydrogen gas was evolved on the Pt surface, which altered the dielectric constant of
the solution media near the Au core. The surface plasmon of the Au nanoparticles
is known to be very sensitive to the surface environment. Therefore, the scattering
signal of the Au core was significantly changed by the reaction progress, which was
precisely monitored by dark-field scattering spectroscopy. As a result, the reaction
rate constant and diffusion coefficient on the individual nanocubes were precisely
analyzed based on plasmonic scattering shifts during the reaction.

Fig. 25.6 a Au@Pt/CdS yolk-shell nanocubes for monitoring hydrogen evolution from lactic acid
at a single particle level. b Au@TiO2 yolk-shell nanostructure to improve photocatalytic hydrogen
evolution. Adapted with permission from Refs. [18] and [20]
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25.5.2 Enhancer for Photocatalysts

The addition of metal domains on semiconductors can enhance photocatalytic effi-
ciencies by facilitating charge separation generated from the photoexcitation on
the semiconductor, trapping electrons, and promoting the proton reduction to H2.
Recently, the alternative role of the metal, the recombination of hydrogen atoms
into H2 on the metal surface, was proposed on Au@TiO2 nanoparticles [19]. Zaera
et al. studied the optimal size of each component on Au@TiO2 yolk-shell nanostruc-
tures for photocatalytic hydrogen generation [20]. TiO2 hollow shells were exposed
outside, which were beneficial for absorbing light and proceeding reduction and
oxidation reactions. The hydrogen atoms transferred from the TiO2 combined to
form H2 on the Au surface in their mechanistic model (Fig. 25.6b). The optimal shell
thickness was evaluated as 28 nm, associated with the light penetration through the
TiO2 shell. The inner diameter of titania was 186 nm at the maximum reactivity,
presumably related to the diffusion of hydrogen atoms to the Au cores. The Au core
size did not influence the photocatalytic activity. In this experiment, the existence of
the Au cores did not affect any geometric feature of the TiO2 hollow shell, but only
played an assistive role in hydrogen evolution.

25.6 Tandem or Multistep Catalysts

In principle, the yolk-shell structure has two distinct domains, which do not have
direct contactwith each other.Apparently, this is a perfect platform for a dual catalytic
system within a single nanostructure. Moreover, the reaction process through the
yolk-shell structure is conceptually a sequential tandem type, because the reac-
tants diffuse to the outer shell at first and approach the center core at last. In this
aspect, Liu and Yang cleverly designed the yolk-shell nanoparticles with a basic
core and an acidic shell and employed them for the deacetalization-Henry tandem
reaction [21]. The silica cores were decorated with aminopropyl groups. The addi-
tional silica coating with mercaptopropyl groups and organosilane-assisted etching
provided the yolk-shell structure with the distinct void space between the core and
the shell regions. After the oxidation with H2O2, the YS-NH2@SO3H yolk-shell
nanoparticles containing amino groups at the cores and sulfonic acid groups on the
shells were yielded. The deacetalization reaction of benzaldehyde dimethyl acetal
occurred on the acidic shell layers to form benzaldehyde, which diffused into the
basic core surface and converted to nitrostyrene. This tandem reaction smoothly
progressed with 100% conversion and selectivity, meaning that the acidic shells and
basic cores were completely separated without neutralization. The physical mixture
of acidic and basic catalysts showed much lower catalytic activity, indicating that
the spatial separation and proximity of the first and second catalytic surfaces were
essential in the tandem reaction. This demonstration opened new possibilities for
designing efficient nanoreactors catalyzing complex multistep reactions.
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25.7 Summary and Outlook

The yolk-shell nanostructures are designed as three-dimensional bifunctional model
catalysts and have many advantages that arise from their spatial arrangement with
a unique core-void-shell structure. As aforementioned, the active catalytic sites can
be located at the cores, at the shells, or on both regions, and each arrangement is
meaningful in corresponding catalytic reactions [7]. The void is also critical as a
reactor space to confine the reactions inside the frame. In this Review, not only the
catalysis using the yolk-shell nanoparticles was described, but they are also useful
for biomedical and storage applications. As well as biosensing and imaging, the
shell structure can also be employed in drug delivery and cancer therapy [22]. The
hollow space of the yolk-shell structure prevents the electroactive materials from
agglomeration, and also diminishes the stress from huge volume change during the
charge-discharge cycling in lithium storage [23]. In any case, the yolk-shell structure
is one of the best morphologies to realize the basic concept of nanocatalysts in
practical applications, in which each part is adjustable by nano-synthetic techniques,
and to explore nanostructure-property relationships [24].
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Chapter 26
Hollow Carbon Spheres Encapsulating
Metal Nanoparticles for CO2
Hydrogenation Reactions

Guoxiang Yang, Yasutata Kuwahara, Kohsuke Mori, and Hiromi Yamashita

26.1 Introduction

The recent increase in global atmospheric temperature due to greenhouse gas emis-
sions from human activities has been one of the serious challenges facing scientists
[1, 2]. This is mainly caused by carbon dioxide (CO2) emission from the burning
of fossil fuels used for transportation of traffic and the production of electric energy
[3]. Therefore, it is necessary to develop technologies to reduce the CO2 generated
by the burning of fossil fuels. The method of directly reducing CO2 emissions by
converting CO2 into chemicals or fuels is one of the promising methods [4, 5]. Since
the advent of the field of catalysis, the hydrogenation of CO2 molecules into value-
added products has attracted the attention of chemists. Among them, the generated
CH4 is an important basic step in C1 chemistry and is considered to be one of the
strategies that can appropriately reduce the concentration of CO2 in the atmosphere
and at the same time provide the generated carbon fuel [6]. Methanol and formate
(formic acid) are also very attractive products [7–9]. They have many applications
including being used as fuels, H2 storage media, fuel additives, energy carriers, etc.
[10]. However, due to the chemical inertness of CO2 molecules and the harsh reac-
tion conditions required to activate CO2, the design of reliable catalysts with high
activity and reusability for CO2 hydrogenation reactions remain a challenge.

Nowadays, due to high catalytic activity, various metal catalysts (such as Ru,
Rh, Pd, Co, and Ni) are effective candidates for heterogeneous CO2 hydrogenation
reactions [11–13]. However, under severe reaction conditions (high temperature and
high pressure), it is easy to cause aggregation and loss of metal nanoparticles (NPs),
resulting in a gradual decrease in catalytic activity [14–17]. It is well known that the
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synthesis and application of carbon materials have a long history because they has
excellent characteristics and better stability [18]. For example, discovered fullerenes
[19], carbon nanotubes [20], and graphene [21] and those related to valuable carbon
materials have always been a hot topic because they are used in catalyst supports,
carbon fixation, gas storage, and fuel cells [22–24]. Among them, the hollow carbon
spheres (HCS), which are one of the key carbonmaterial families, consist of a carbon
shell and internal voids, giving them some special functions, such as low specific
density, high surface area, adjustable porosity, and good structural stability [25, 26].
The success of HCS applications in different fields (such as catalysis, adsorption, and
energy storage) depends largely on its carefully controlled characteristics including
the thickness of the shell, the pore size of the carbon shell, and the dispersion of the
active sites [27].

This part reviews recent studies on hollow carbon spheres that supportedmetal NP
catalysts for CO2 hydrogenation reactions. In the first part of this chapter, the design
and the synthesis of various kinds of M(metal)@HCS nanoreactors are summa-
rized. One route is through Stöber templating method [28] to synthesize mesoporous
hollow carbon spheres (MHCS) then encapsulating ultrafine metal nanoparticles
(M@MHCS). Another route is using MOF-derived porous metal@hollow carbon
spheres (M@HCS). In the second part, the applications of M@HCS for the CO2

hydrogenation reactions are presented. The final part addresses a summary and
outlook on M@HCS.

26.2 The Design and the Synthesis of HCS Encapsulating
Metal NPs

Although different methods for preparing various M(metal)@HCS have been exten-
sively developed, the synthetic strategies can be roughly divided into two categories:
The first type (named “M@void@HCS”) is to synthesize the hollow structure carbon
sphere (HCS), then introduce seeds into the voids of HCS. The seeds then gradually
grow within the void space. Through careful control of seed growth, the yolk-shell
structure can be achieved with specific core sizes. Making use of smaller metal parti-
cles is ideal for improving the utilization efficiency of metal atoms because catalytic
reactions occur on the surface of metal NPs. However, the shape, structure, and size
of metal NPs will change under harsh reaction conditions. Encapsulating metal NPs
is an effective choice to avoid several reasons for deactivation (sintering, leaching,
coking, etc.).Meanwhile, the shell can also be functionalized to further enhance these
materials with multiple functions other than physical separation and protection, to
affect the catalytic process. When considering the catalyst design that makes full use
of unique morphologies to optimize performance, many properties can be controlled
and changed to achieve the desired results. In any synthesis strategy, the size and
morphology of the metal particles, the thickness and porosity of the shell, and the
interaction between the metal particles and the support should be considered. The



26 Hollow Carbon Spheres Encapsulating Metal Nanoparticles … 427

second type (named “M@HCS” (without void)) is the inner core (M(metal)) which is
first formed, and then one or more shell layers are coated through physical and chem-
ical processes. The core–shell structure is constructed by adsorption, self-assembly,
or precipitation. Then, by removing some of the core, shell, or any intermediate
components to form a space between the core and the shell, a yolk-shell structure
can be achieved. Some examples of methods used to achieve this type of structure
include Kirkendall diffusion, etching, electroplating replacement, etc. [29, 30].

26.2.1 “M(metal)@Void@HCS” Strategy

The synthesis of HCS is mainly focused on the Stöber template method [31–33].
This method is simple and time-saving. It can synthesize silica primary particles
with a polymer shell through a one-step method, which can be mass-produced and
practically applied. A core–shell sphere composed of an RF thin layer wrapped
with a silica core was successfully prepared and then calcined under N2 to produce
HCS. It should be emphasized that although the hydrolysis condensation of silica
alkoxides has many similarities with the polymerization of RF, including ammonia
as a catalyst, water/ethanol mixture as a reaction medium, and room temperature
reaction, their reaction rate is faster than that of the RF polycondensation reaction.
Themetal NPs grown in the voids of hollowmaterials offermore control over particle
size and produce narrower particle size distribution because of the adjustable size
of the confined space. However, the loading position of the metal NPs remains a
substantial challenge. This is because precursors tend to be randomly deposited on
the external surface of HCS. Considerable efforts have been made to counter this and
to provide targeted deposition of the metal NPs. Qiao et al. reported that the metal
ions could be adsorbed and fixed by the amine groups at the surface of the polymer
[34].

On this basis, Yang et al. recently reported that the synthetic procedure of PdAg
NPs and aminopolymer was confined within mesoporous hollow carbon spheres
(PdAg–P@MHCS) composites [35]. Firstly, the MHCS were synthesized through
an in situ free assembly of the template and surfactant method to synthesize the
SiO2@RF core–shell structure material by using tetrapropyl orthosilicate (TPOS) as
a silica source for SiO2 particles and resorcinol and formaldehyde as carbon sources
(Step 1). After pyrolysis to carbonize the organics and etching in NaOH aqueous
solution to remove the SiO2 template, the hollow structured MHCS were obtained
(Step 2). Then amino-polymer dispersed in MHCS (P@MHCS) were synthesized
through the polymerization of ethylene diamine and carbon tetrachloride (Step 3).
Pd2+ and Ag+ metal ions were bound through the amino-polymer dots. They were
reduced by NaBH4 to form PdAg–P@MHCS nanospheres (Step 4) (Fig. 26.1). In
this case, the cationic aminopolymer not only interacts electrostatically with the Pd
and Ag precursors but also increases the CO2 adsorption ability, which will affect
the catalytic activity.
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Fig. 26.1 1 Schematic representation of the preparation of PdAg-P@MHCS. Reprinted with
permission from Ref. [35]. Copyright 2020, Royal Society of Chemistry

26.2.2 “M(metal)@HCS” (Without Void) Strategy

The direct method of encapsulating the metal NPs in this case is to coat the metal
NPs with the desired material. A wide array of sources has been used to produce
highly stable shells and has received considerable attention. Recently, the encapsu-
lation of M(metal) into metal-organic frameworks (MOFs) to form M(metal)@HCS
composite materials with amazing properties has attracted great interest, because
MOFs or coordination polymers are known to be very useful materials inmany appli-
cations. In general, MOFs have well-developed microporosity or channels acces-
sible to many kinds of molecules or ions, making them suitable for use in gas
storage, separation, sensing, catalysis, etc. [36–38]. There are some polymers or
surfactant molecules such as polyvinyl pyrrolidone and cetyltrimethylammonium
bromide (CTAB) adopted for connecting NPs with MOFs to facilitate the formation
of core@shell structured nanocomposites [39]. Recently, methods have been devel-
oped to use MOF materials as precursors for preparing customized metal oxides
or carbon materials. For instance, Lee et al. prepared well-dispersed hollow porous
carbon microspheres using simple pyrolysis of core–shell polystyrene@ZIF-8 MOF
[40]. Due to the removal of the polystyrene core evenly, the resulting well-defined
HCS has a higher surface area (1724m2 g−1), indicating that the ZIF-8 shell has been
transformed into porous carbon, and the polystyrene core is removed at the same time.
Due to its excellent dispersibility and high surface areas, it shows great methylene
blue adsorption capacity. Once Ag or Au ions are loaded on the polystyrene core and
MOFshell, HCS (M@HCS,M=AgorAuNPs) embeddedwithAgorAuNPs can be
obtained after one-step pyrolysis. The resulting Ag or Au NPs can be well dispersed
in the carbon support without agglomeration. Due to its unique structure, the obtained
M@HCS can show effective catalytic activity and also has excellent recyclability
[41]. On this basis, Lin et al. recently reported with Ni-MOFs as the precursor, the
Ni@C composite was readily produced through thermal carbonation treatment in an
N2 atmosphere [11]. The as-derived hierarchical Ni@C hollow spheres consisting
of carbon confined Ni NPs possess high surface area and abundant separated active
sites.
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26.3 The Applications of HCS Encapsulating Metal NPs
for CO2 Hydrogenation Reactions

26.3.1 Direct Hydrogenation of CO2 to Formate/Formic Acid

In addition to being a valuable chemical substance commonly used as preservatives
and antibacterial agents, formic acid has also become an established hydrogen storage
component through decomposition into CO2 andH2 and a possible reversible conver-
sion back to regeneration. Besides, formic acid is a low toxicity liquid at atmospheric
pressure and room temperature and contains 4.3 wt% hydrogen. Compared with H2,
the transportation and storage of formic acid are safer and more convenient. There-
fore, formic acid serves as one of the platforms for chemical energy storage [42]. At
present, there are industrial methods such as the oxidation of biomass and the hydrol-
ysis of methyl formate or formamide to produce formic acid [43]. The direct hydro-
genation of CO2 to formic acid has two important differentiating purposes compared
with these traditional synthesis methods, such as CO2 utilization and liquid hydrogen
storage.

The conversion ofCO2 andH2 into formic acid commonly involves a phase change
from gaseous reagents into a liquid product. Therefore, when considering gas-phase
reactants, the reaction is unfavorable in terms of Gibbs free energy (Eq 26.1) [17]:

H2(g) + CO2(g) ↔ HCO2H(l)�G0
298K = 32.9 kJmol−1 (26.1)

On the other hand, the presence of the solvent changes the thermodynamics of
the reaction, and when operating in the aqueous phase, the reaction becomes slightly
aggressive (Eq 26.2):

H2(aq) + CO2(aq) ↔ HCO2H(aq)�G0
298K = −4 kJmol−1 (26.2)

The thermodynamic equilibrium can be disrupted through secondary reactions
or molecular interactions, making CO2 easier to convert to formic acid. The usual
methods are through esterification, such as the reaction of formic acid/formate with
methanol to form formamide, or simply neutralization with a weak base (such as a
tertiary amine or alkali/alkaline earth metal bicarbonate) [44].

Su et al. studied the activity of Pd catalysts supported on different materials (such
as Al2O3, BaSO4, CaCO3, and activated carbon), and Pd supported on activated
carbon showed excellent catalytic performance for CO2 hydrogenation to formic
acid/formate [45]. Besides, other researchers have also reported the positive effects
of heteroatom modification on carbon carriers. Bi et al. studied a supported Pd cata-
lyst for the reversible (dehydrogenation) reaction between potassium bicarbonate
and formic acid as a method of releasing hydrogen into the catalyst solution [46].
Using Pd particles supported on reducing graphite oxide (Pd/r-GO), the turnover
number (TON) value was 7088 when the hydrogenation reaction was carried out
with 1 wt% Pd loading after 32 h. They concluded that the basic sites of the carrier
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can stabilize the Pd NPs and promote the interaction with CO2 and the carrier,
thereby promoting the synthesis of formic acid. Furthermore, Masuda et al. investi-
gated highly dispersed PdAg NPs supported on phenylamine-functionalized meso-
porous carbon (PdAg/amine-MSC) for CO2 hydrogenation to formic acid [16]. The
activity of PdAg/amine-MSC for CO2 hydrogenation to formic acid was higher than
Pd/amine-MSC. This improved catalytic activity was attributed to the electronic
activation of Pd species by charge transfer resulting from the difference in the work
functions of the contiguous twometals. However, there are several issues about PdAg
alloy catalysts, such as sintering and poor chemical stability. An effective method is
to use an ideal carrier to protect the catalysts to solve these problems. Mesoporous
hollow carbon sphere (MHCS) is one of the best ideal carriers for immobilizing
metal NPs. The main potential benefits of hollow structures in CO2 methanation
are increasing the catalytic activity and stability by increasing metal dispersion,
protecting active structures on metal particles, and preventing agglomeration under
severe conditions. Furthermore, MHCS is stable in the alkaline solution which is
a benefit for increasing CO2 conversion. Therefore, hollow structured nanomate-
rials have some unique advantages in terms of catalysis, and also allow flexible
combinations of individual functions for specific purposes. Yang et al. designed and
synthesized ultrafine and well-dispersed PdAg NPs with an average diameter of
2.8 nm, which were dispersed uniformly within mesoporous hollow carbon spheres
(MHCS)of ca. 200–220nmdiameter and a carbon shell thickness of 40nmcontaining
a polymer (polyethylene diamine) with amino functional groups (Fig. 26.2) [35].
A series of catalysts were used for the hydrogenation of CO2 to formate, and the
catalytic activity was compared with the TON based on the moles of Pd (Table 26.1).
The Pd2Ag8–P@MHCS was proved to be a successful heterogeneous catalyst with
100% selectivity without the formation of methanol or CO. The total TON was 2680
at 24 h (entry 5). However, P@MHCS (entry 1) and monometallic Ag–P@MHCS
(entry 2) showed no reaction for CO2 hydrogenation to formate, which suggests that
Pd atoms are the main active sites. Compared with monometallic Pd–P@MHCS
(entry 3), the Pd2Ag8–P@MHCS performed significantly better, indicating a posi-
tive effect of alloying of Pd with Ag. Besides, compared with the catalyst without
aminopolymer, Pd2Ag8@MHCS (entry 9), Pd2Ag8–P@MHCS showed a signifi-
cantly better activity, illustrating that the polymer can help to protect the catalyst from
agglomeration. The catalystwithout SiO2 being removed, Pd2Ag8–P–MHCS@SiO2,
showed low activity (entry 10), indicating that the hollowmesoporous structure helps
to protect the catalyst and inhibits its loss. To further illustrate the superiority of the
Pd2Ag8–P@MHCS, the reaction using the same content of PdAg NPs supported on
a mesoporous carbon prepared by the same method as MHCS and those supported
on activated carbon was performed, where the TONswere 492 and 95 at 24 h, respec-
tively (entries 11 and 12). These results illustrate that the hollow structure of MHCS
is attributed to protecting PdAg NPs and the aminopolymer is promoting PdAg
NPs dispersion. Furthermore, the catalytic activity of Pd2Ag8–P@MHCS remained
almost unvaried at least after 5 cycles (Fig. 26.3(A)). The TEM image and XPS
analysis clearly showed that the hollow nanostructured carbon spheres remained and
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Fig. 26.2 (A) High-angle annular dark-field STEM (HAADF-STEM) image, (B) enlarged high-
angle annular dark-field STEM (HAADF-STEM) image of the blue frame in (A), (C) enlarged
high-angle annular dark-field STEM (HAADF-STEM) image of the yellow frame in (A), and (D–
F) the corresponding STEM elemental maps of (D) N, (E) Pd, and (F) Ag of Pd2Ag8–P@MHCS.
Reprinted with permission from Ref. [35]. Copyright 2020, Royal Society of Chemistry

the Pd and Ag still existed in Pd (0) and Ag (0) forms after the reaction, respec-
tively (Fig. 26.3(B–D)). These results indicate that the yolk-shell structure of the
Pd2Ag8–P@MHCS catalyst has good stability.

Combined with the related theoretical studies previously reported, the authors
imagined the reaction is initiated by H2 adsorption into MHCS and activation on the
Pd atoms (Step 1). Bicarbonate (HCO3

−) is adsorbed on the Ag atoms because of the
electron transfer fromAg to Pd in PdAg alloy NPs (Step 2), in which CO2 dissolution
in the alkaline aqueous solution allows the further conversion to HCO3

− (Step 3).
A nucleophilic hydrogen atom formed on Pd and HCO3

− adsorbed on Ag react
to form dissociative formate (Step 5). Finally, the hydroxyl groups in the reaction
solution react with hydrogen on the Pd to formH2O, eliminating the remaining active
hydrogen (Fig. 26.4).

26.3.2 Direct Hydrogenation of CO2 to Methane

The process of converting CO2 into methane through hydrogenation is an industrial
process that has environmental protection prospects in coal-based economies that
lack natural gas reserves (the Sabatier reaction) [47, 48].
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Table 26.1 CO2 hydrogenation with H2 over PdAg–P@MHCS and its related catalysts. Reprinted
with permission from Ref. [35]. Copyright 2020, Royal Society Chemistry

Entry Catalyst The molar ratio of Pd/Ag TONb

1 P@MHCS none 0

2 Ag–P@MHCS 0:1 0

3 Pd–P@MHCSc 1:0 1045

4 Pd1Ag9–P@MHCSc 1:9 1029

5 Pd2Ag8–P@MHCSc 2:8 2680

6 Pd3Ag7–P@MHCSc 3:7 1858

7 Pd4Ag6–P@MHCSc 4:6 2099

8 Pd5Ag5–P@MHCSc 5:5 1115

9 Pd2Ag8@MHCSc 2:8 802

10 Pd2Ag8–P@MHCS (without removing
SiO2)c

2:8 546

11 Pd2Ag8@MCS (without TPOS)c 2:8 492

12 Pd2Ag8@Activated carbonc 2:8 95

aReaction conditions: 10 mg of catalyst, 15 mL of 1.0 M aqueous NaHCO3 solution, 1 MPa H2
and 1 MPa CO2, 100 °C, reaction time 24 h. bTON = mol formate/mol Pd. cPd theoretical weight
was 1 wt%, PdAg alloy were prepared at the different molar ratio, the Pd loadings on the Pd1Ag9–
P@MHCS, Pd2Ag8–P@MHCS, Pd3Ag7–P@MHCS, and Pd4Ag6–P@MHCS were determined to
be 1.15, 0.95, 1.08, and 1.02 wt%, respectively, in the light of ICP data

CO2 + 4H2 → CH4 + 2H2O�H 0
298 = −164.9 kJ mol−1

Among the possible ways of hydrogenation of CO2, the conversion of CO2 to
methane has good thermodynamics and can be carried out under atmospheric pres-
sure. Due to the kinetic limitations of catalysts doped with Ni, Rh, or Ru, the CO2

methanation reaction is carried out at a temperature of about 250–400 °C, rather than
at a lower make temperature [49]. The highly exothermic CO2 methanation is likely
to cause catalyst sintering problems.

In recent years, metal-organic frameworks (MOFs) have been widely used as
precursors for the design and synthesis of functionalmaterials, which have controlled
structures and customized compositions [50]. In particular, the MOF-derived porous
metal-carbon (M@C) composite material can make specific metal NPs precisely
confined in the carbon shell with high dispersibility [51]. Therefore, the unique
configuration of the porousM@Chybrids can not only perform the catalytic function
of the dispersed metal NPs but also prevent them from sintering/aggregation at high
temperatures.

The main potential benefit of the hollow structure in CO2 methanation is that by
increasing the dispersion of the metal, protecting the active structure on the metal
particles, and preventing agglomeration under severe conditions, it can improve
the catalytic activity and stability. Furthermore, the hollow structure catalyst can
precisely control the catalyst structure and the chemical environment near the
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Fig. 26.3 (A) Reusability tests of the Pd2Ag8–P@MHCS catalyst. The TEM image of the Pd2Ag8–
P@MHCS catalyst after five catalytic runs. XPS spectra of (C) Pd 3d and (D) Ag 3d for Pd2Ag8–
P@MHCS etched after three catalytic runs. Reprinted with permission from Ref. [35]. Copyright
2020, Royal Society of Chemistry

Fig. 26.4 Possible reaction
pathway for hydrogenation
of CO2 to produce formate
over the Pd2Ag8–P@MHCS
catalyst. Reprinted with
permission from Ref. [35].
Copyright 2020, Royal
Society of Chemistry
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catalytic site to improve the selectivity of the product. Ni-containing catalysts usually
require high temperatures to activate CO2 to methane (400–500 °C), which makes
Ni easy to sinter and causes catalyst deactivation. MOF (such as MOF-5 and MIL-
101) have been used to encapsulate Ni NPs in the voids of the framework, resulting
in high Ni dispersion and high CO2 methanation activity at low temperatures [52].
As a result, when a MOF precursor with a preferred composition and structure is
reasonably manufactured, the derived M@C hybrid may be a favorable CO2 metha-
nation catalyst. Lin et al. proved that MOF-derived layered Ni@C hollow spheres
with unique intra-sphere structure could be easily synthesized and could be used as
an effective catalyst for the hydrogenation of CO2 to CH4 [11]. With Ni-MOFs as the
precursor, Ni@C hollow structure composites could be easily produced by thermal
carbonization in the N2 atmosphere. In this case, Ni-MOFs were synthesized by
solvothermal reaction and some modifications were made. The morphologies and
microstructures of the samples were characterized by FE-SEM and TEM. The FE-
SEM images show that the Ni@C product retains the spherical morphology of the
Ni-MOF precursors. The hierarchical surface of theNi@Cparticles was identified by
the enlarged FE-SEM image (Fig. 26.5a, b). The TEM images reveal that the Ni@C
hybrid is composed of many Ni NPs with an average size of about 7 nm and has
a hollow ball-in-ball structure (Fig. 26.5c–e). The high-resolution TEM (HR-TEM)
image indicated the Ni NPs wrapped by the carbon layer has high crystallinity. The
visible lattice fringes with the interlayer distances of 0.34 and 0.20 nm point to the

Fig. 26.5 a, b FE-SEM
images, c–e TEM image, and
f HR-TEM image of the
hierarchical Ni@C hollow
spheres. Reprinted with
permission from Ref. [11].
Copyright 2019, Royal
Society of Chemistry
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(002) and (111) crystal planes of graphitic carbon and cubic nickel, respectively
(Fig. 26.5f). Thus, these results demonstrate the successful synthesis of the Ni@C
hollow structure catalyst.

The catalytic performance of theNi@Chybridwas evaluated byCO2 methanation
reaction in a fixed-bed flow reactor operating at ambient pressure. Figure 26.6(A)
shows the CO2 conversion performance of the Ni@C catalyst at different reaction
temperatures.Due to the high chemical stability ofCO2 molecules, the hydrogenation
of CO2 to methane proceeds slowly at the reaction temperature from 150 to 225 °C.
However, as the reaction temperature further increases (from 225 to 300 °C), the
reaction rate greatly increases. When the reaction temperature rises to 325 °C, all
CO2 gas is converted into CH4 products at a conversion rate of 100%. It is worth
noting that at all the reaction temperatures tested, the Ni@C catalyst showed a fairly
high CH4 selectively, about 99.9%. The by-product was only a trace amount of CO.
A series of control experiments were carried out to further prove the remarkable
CO2 hydrogenation activity. Under the same conditions, the CO2 conversion rate

Fig. 26.6 (A) Catalytic CO2 methanation performance of Ni@C at different reaction temperatures.
(B) CO2 methanation performance of different catalysts at 250 °C. (C) In situ DRIFTS spectra of
adsorbed CO2 and H2 on the Ni@C catalysts at different temperatures: a 50, b 100, c 150, d 200,
e 250, f 300, g 350, and h 400 °C. (D) Schematic of CO2 methanation over the Ni@C catalyst.
Reprinted with permission from Ref. [11]. Copyright 2019, Royal Society of Chemistry
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of the Ni/C solid is 8.1% (entry 2), which is much lower relative to that of Ni@C
(entry 1). This observation indicates that the porous structure of the catalyst and the
high dispersibility of Ni NPs affect the catalytic performance. When the Ni-MOF
(entry 3) or the C matrix (entry 4) was used as the catalyst, CH4 was not detected,
indicating that the metallic Ni NPs are the active sites for the CO2 hydrogenation to
CH4 (Fig. 26.6(B)). Besides, once Ar is used to replace CO2 for the reaction, CH4 or
other products will not be generated, which indicates that the source of the generated
CH4 is the CO2 reactant. Therefore, all these findings emphasize that the excellent
CO2 methanation performance of the MOF-derived Ni@C hybrid can be attributed
to the combined catalytic function of Ni NPs and carbon layers that are spatially
confined in the unique hierarchical porous architecture.

Generally, there are two proposed reaction pathways and the related intermediates
in CO2 methanation catalysis: (i) the conversion of CO2 to a CO intermediate and
the subsequent hydrogenation of CO to form CH4, and (ii) the direct hydrogenation
of CO2 to CH4 through surface carbon species. In situ DRIFTS characterization was
performed to identify the surface adsorption state of CO2 and intermediates on the
Ni@C catalyst.

The in situ DRIFTS spectra of the Ni@C sample interacted with CO2 and H2

during the temperature-programmed process from 50 to 400 °C (Fig. 26.6(C)). After
the adsorption-desorption equilibrium at 50 °C, and several absorption-desorption
equilibria at 50 °C, several absorption peaks are detected in the range of 1800–
1000 cm−1. The twoweakpeaks at 1248 and1220 cm−1 are attributed to the carbonate
species (CO3

2−), while the band at 1664 cm−1 is ascribed to the surface hydrogen
carbonate (HCO3

−). In the beginning, a small peak was observed at 1621 cm−1.
This small peak is the bending mode of surface adsorbed H2O. As the tempera-
ture increases from 50 to 150 °C, the peak first decreases and then develops into
a negative peak, indicating the heating and surface dehydration during the purging
processes. The broadband at 1310–1440 cm−1 shows the symmetric stretch mode
of carboxylate (CO2

−), while the band at 1490–1600 cm−1 belongs to the CO2
−

group adsorbed on the metallic Ni particle antisymmetric stretch vibration. At the
same time, when the temperature reaches 150 °C, a new band emerges at around
1186 cm−1, which corresponds to the stretching vibration of surface C–O(H). These
findings indicate that the adsorbed CO2

− intermediate is reduced to C–H(H) species
by the H atoms dissociated from H2. Besides, the absorption peaks of CH4 gas (e.g.,
3016 and 1305 cm−1) are observed starting from 250 °C, which is accompanied by
the decrease of the C–O(H) group (e.g., 1186 cm−1). Therefore, all these DRIFTS
results indicate that CO2 methanation on the Ni@C catalyst is carried out by directly
hydrogenating CO2 without involving CO as an intermediate.

Based on the above results and discussion, the authors proposed a possible reac-
tion mechanism for catalyzing CO2 methanation over the Ni@C composite catalyst.
Firstly, the CO2 and H2 gases are chemically adsorbed on the catalyst surface, which
leads to the activation of CO2 molecules and dissociation of H2 molecules. Due to the
abundant d-electrons of metal Ni NPs and the lowest unoccupied molecular orbital
(LUMO) of CO2 molecules, the Ni electrons are beneficial to transfer to the acti-
vated CO2, thus forming the “Ni–CO2” surface species. Then, the active “Ni–CO2”
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species reacts with the dissociatedH atoms to form the “Ni–C–(OH)2” intermediates.
Finally, the reaction between Ni–C–(OH)2 and the dissociated H atoms produces the
CH4 products and H2O (Fig. 26.6(D)).

26.4 Summary and Outlook

In summary, this chapter deals with two types of new hollow carbon sphere supported
metal NPs for CO2 hydrogenation reactions. As for CO2 hydrogenation to formate
reaction, thanks to the high surface area and the pore size limitation of the meso-
porous hollow carbon sphere(MHCS), the optimized aminopolymer and PdAg NPs
are dispersed uniformly within MHCS, which show higher activity than other non-
hollow structure carbon materials. As for CO2 hydrogenation to methane reaction,
due to the MOF-derived Ni@C distinctive compositions and yolk-shell structures
possessing high surface area and more isolated active sites, the catalyst exhibits high
activity, superior selectivity, and outstanding stability at atmospheric pressure. The
yolk-shell structure of carbon-based nanoreactor catalysts possesses a small size
and highly dispersed metal NPs, which are simultaneously prevented from deactiva-
tion and loss of NPs during the CO2 hydrogenation reactions. The general synthetic
methods for M(metal)@HCS yolk-shell structure and their unique features in regu-
lating catalytic performance were introduced to provide a guide for the design of
novel M(metal)@HCS catalysts and to expand their applications into CO2 hydro-
genation reactions and other catalytic fields. Although great achievements have been
made, we anticipate that the catalytic activity will be further improved by controlling
the internal modification of HCS. To this end, the designedM(metal)@HCS catalysts
with simple preparation and environmentally friendlymethods should be researched,
and the mechanism of how the dispersion of M(metal) and the adsorption of CO2

are promoted should be investigated in the future.
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Chapter 27
Effect of Core–Shell Structure of TiO2
on Its Photocatalytic Performance

Yao Chen, Hexing Li, and Zhenfeng Bian

27.1 Introduction

Photocatalysis is an interdisciplinary subject integratingphysics, chemistry andmate-
rials science. The mechanism of photocatalysis is that semiconductor materials are
photoexcited to produce photogenerated electrons (e−) and holes (h+), which have
strong reduction and oxidation abilities, respectively [1]. They can directly or indi-
rectly participate in the redox reaction on the semiconductor surface. Semiconductor
photocatalysis has the advantages of low cost and direct utilization of sunlight
[2]. Therefore, photocatalysis has potential applications in energy utilization and
environmental protection.

TiO2 is the most studied photocatalytic material by scientists since 1972 [3].
The main reason is that TiO2 has the advantages of light corrosion resistance, good
catalytic activity, stable performance, low price and is non-toxic [4]. However, the
wide bandgap of TiO2 determines that it can only be activated by ultraviolet light,
which greatly limits the practical application of TiO2 [5]. In order to solve the above
problems, researchers have adopted a series of modification methods for TiO2, such
as noble metal deposition, metal ion doping, non-metallic ion doping, heterojunc-
tion structure and self-modification (including particle size, specific surface area,
morphology, crystal form, etc.) to improve the visible light catalytic efficiency of
TiO2 [6–8].

On the other hand, with the rapid development of nanotechnology, various special
structures of TiO2 have been synthesized (nanowires, nanotubes, nanosheets, core–
shell structures, petal-like structures, etc.) [9]. It is found that the properties of TiO2

nanomaterials with cavity structure can be significantly improved. TiO2 with special
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core–shell structure can improve the absorption of light on the TiO2 surface and
significantly improve its photocatalytic performance, which has attracted extensive
attention [10–12].

This chapter mainly gives a comprehensive overview of the progress of core–shell
structured TiO2 nanomaterials in the field of photocatalysis. Firstly, the controllable
synthesis methods of core–shell TiO2 nanomaterials were summarized. Secondly,
the applications of core–shell structure TiO2 nanomaterials in photocatalysis were
reviewed, including pollutant degradation, hydrogen evolution and carbon dioxide
reduction. Finally, the development of this field is briefly summarized and prospected.

27.2 Synthetic Methods of Core–Shell TiO2

It is necessary to reasonably control the change of precursor materials to make TiO2

preferentially nucleate and grow into a core–shell structure, because different tita-
nium sources and methods can be used to synthesize TiO2 with different morpholo-
gies. The specific formation process of core–shell TiO2 can be explained by investi-
gating different preparation methods (different temperature, reaction time, reaction
environment and other factors). At present, the synthesis methods of core–shell TiO2

can be roughly divided into sol–gel method, water/solvothermal method, chemical
deposition method, template synthesis method and self-assembly strategy.

The sol–gel method uses compounds containing highly chemically active compo-
nents as precursors. It mixes the rawmaterials uniformly in the liquid phase, and then
undergoes hydrolysis and condensation chemical reactions. The core–shell structure
TiO2 nanomaterials can be prepared by carefully selecting the synthesis parame-
ters. Prashant V. Kamat et al. synthesized a core–shell structure of Ag@TiO2 by a
sol–gel method (Fig. 27.1). This composite material with the metal as the core and
the semiconductor as the shell has photocatalytic activity, of which the volume ratio

Fig. 27.1 The formation
mechanism of Ag@TiO2
core–shell clusters. The
condensation polymerization
of TTEAIP slowly
progresses on the surface of
Ag particles to yield TiO2
shell. Reprinted with
permission from Ref. [13].
Copyright 2005 American
Chemical Society



27 Effect of Core–Shell Structure of TiO2 … 445

of dimethyl formamide and isopropyl alcohol is an important factor in the prepara-
tion of Ag@TiO2 core–shell structure. This method is also suitable for the synthesis
of Ag@SiO2 [13]. Masahiko Abe et al. reported core–shell structure Ag@TiO2

nanocapsules with high dispersibility prepared by the sol–gel method [14]. In the
TEM image, almost all TiO2 nanocapsules have Ag nanoparticles as the core, which
indicates that the precursor of titanium tetraisopropoxide selectively forms a TiO2

shell on the surface of Ag nanoparticles. It is crucial that cetyltrimethyl ammonium
bromide (surfactant) as a protective agent can control the thickness of the TiO2

shell layer and the size of Ag nanoparticles. In addition to the core–shell mate-
rials prepared with metal nanospheres as the core, Huang et al. precisely controlled
the morphology of the metal core, and then synthesized the Au@TiO2 core–shell
material with octahedral gold as the core by the sol–gel method (Fig. 27.2) [15].
Compared with spherical nanoparticles, the octahedral gold core exhibits a better
plasma effect that random hotspots generated under light are greatly beneficial to
the improvement of the activity. The TiO2 shell layer has the function of protecting
the metal core structure from changing and preventing the dye molecules from being
quenched by the metal surface. In addition, Zhu et al. used sol–gel in situ to assemble
a g-C3N4/TiO2 core–shell photocatalyst with TiO2 as the core and wrapped it with
an ultra-thin g-C3N4 layer (Fig. 27.3) [16]. The thickness of the g-C3N4 shell can
be well controlled by changing the calcination temperature and the concentration of
the g-C3N4 colloidal suspension. Generally speaking, ordinary g-C3N4 is difficult to
recycle due to its ultra-thin layered structure. This core–shell structure material can
effectively recover ultra-thin g-C3N4 while improving the photocatalytic activity.

Fig. 27.2 Schematic diagram for the synthesis of Au@TiO2 core–shell nanoparticles with well-
controlled core morphology and shell thickness. Reprinted with permission from Ref. [15].
Copyright 2013 Royal Society of Chemistry

Fig. 27.3 Schematic illustration of preparation of g-C3N4@TiO2 core–shell photocatalyst.
Reprinted with permission from Ref. [16]. Copyright 2017 Elsevier B.V. All rights reserved
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Hydrothermal and solvothermal syntheses refer to the synthesis of nanomate-
rials in water or solvent through a specific chemical reaction under certain temper-
ature (373–1273 K) and pressure (1–100 MPa). This method is widely used in the
synthesis of core–shell structure TiO2. Tang et al. used a hydrothermal method to
prepare Au@TiO2 hollow core–shell submicrosphere with TiO2 as the shell [17].
Different from the traditional hydrothermal synthesis process, thismethod introduced
the Ostwald ripening process technology to prepare a large number of Au@TiO2

hollow core–shell submicrospheres in a short time, and the chemical waste is greatly
reduced. Generally, the hydrolysis rate of titanium source in water is very fast, so it
is necessary to add a template to control the morphology and structure of TiO2 well.
It not only makes the operation complicated, but also increases the cost of materials.

Since alcohol can be directly used as a template and alcohol solvents are diversi-
fied, the solvothermal alcoholysis method has been rapidly developed in the prepa-
ration of metal oxide nanomaterials like TiO2. Li et al. have done a series of related
work in the past 10 years. First, they used the hydroalcoholic method for the first time
to prepare core–shell structure mesoporous TiO2 microspheres with high thermal
stability and high surface area (Fig. 27.4) [18]. The size of the TiO2 core can be effec-
tively controlled by adjusting the reaction time, that is, solid nano-TiO2 is formed
after 12 h of reaction, and hollow TiO2 nanospheres are formed after 14 days of reac-
tion. The TiO2 clusters formed by the alcoholysis of titanium oxysulfate (TiOSO4)
aggregate and react to form solid spheres containing a large amount of hydrolyzable
ligands. As the reaction time increases, water is continuously produced through the
etherification reaction and reactswith the spheres, causing the clusters to dissolve and
rearrange on the surface, and then dissolve the TiO2 core. Therefore, solid spheres,
core–shell structure and hollow sphere nano-TiO2 can be observed in sequence. Li
et al. considered that the gap between the core–shell structure of TiO2 core and outer
shell could be used as a microreactor, so they prepared Fe-doped TiO2 microspheres
with a core–shell structure by using a similar hydroalcohol method [19]. Through
continuous solvothermal and hydrothermal treatment, Li et al. coated Au particles in

Fig. 27.4 Comparison of
photocatalytic activities of
the titania spheres with solid,
sphere-in-sphere, and hollow
structure. Inset shows a
schematic illustration of
multireflections within the
sphere-in-sphere structure.
Reprinted with permission
from Ref. [18]. Copyright
2007 American Chemical
Society
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Fig. 27.5 Mechanism for encapsulating noble metal nanoparticles inside the core–shell TiO2
microspheres. Reprinted with permission from Ref. [20]. Copyright 2009 Royal Society of
Chemistry

TiO2 core–shell spheres in situ to prepare a highly active and durable Au/TiO2 photo-
catalyst (Fig. 27.5) [20]. This method is also applicable to other precious metals. If
only the solvent heat treatment is used, it takes 48 h to obtain core–shell Au/TiO2

microspheres. When only the hydrothermal treatment is used, solid Au/TiO2 micro-
spheres are only obtained. In addition, Li et al. used glycerol and ethanol as solvents
to adjust the morphology and structure of TiO2 by adjusting the ratio of the two and
the reaction time in 2012 [21]. The results showed that the solvothermal alcoholysis
of TiOSO4 in glycerol formed TiO2 nanoscale plates, while, in the mixture of ethanol
and glycerol, the solvothermal alcoholysis of TiOSO4 produced solid spheres, core–
shell spheres and hollow spheres for 1.48 h and 336 h, respectively. Through the
same adjustment process, solid balls, nano balls, flower-like particles and hollow
balls of TiO2, TiN, graphitized carbon and MnO2 materials can also be obtained,
respectively (Fig. 27.6).

Chemical deposition is a material preparation method in which materials
containing thin-film elements undergo chemical reactions to form thin films on the
surface of the substrate. Among them, the atomic deposition method (ALD) can
deposit the TiO2 shell layer more uniformly and controllably than other deposition
methods. Yang et al. used the ALD method to coat TiO2 thin shell on the surface of
the ZnO nanowire array [22]. Interestingly, each deposition can form 0.9 Å TiO2 on
the surface of ZnO.When the shell thickness is less than 4 nm, TiO2 is amorphous and
smooth. When the thickness continues to increase, polycrystalline TiO2 appears and
the surface is rough. Therefore, how to prepare the shell uniformly is a key issue for
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Fig. 27.6 The conversion of the yolk-shell organotitania composite (left) into nanostructured (I)
anatase TiO2, (II) TiN, (III) carbon/TiO2 composite, (IV) rutile TiO2, (V) graphitized carbon and
(VI)MnO2. Reprinted with permission fromRef. [21]. Copyright 2012American Chemical Society

researchers. He et al. used the ALD method to prepare one-dimensional core–shell
nanowire CNT/TiO2 with metal multi-walled carbon nanotubes (MWNTs) as the
core and TiO2 semiconductor as the shell [23]. In order to deposit a flat and uniform
TiO2 layer on the surface of MWNTs, the MWNTs array needs to be preheated at
a temperature of 150 °C in the ALD reactor. Thus, a uniformly coated TiO2 layer
can still be formed on MWNTs after 200 ALD treatments (Fig. 27.7). To obtain a
uniformly coated TiO2 shell, researchers often need to use functional processing on

Fig. 27.7 a Schematics of
the core–shell nanostructure
and the corresponding PD.
Inset shows the SEM image
of the device. b XRD spectra
of the core–shell NW before
and after the annealing
process. c TEM image of a
core–shell NW. d
High-resolution TEM image
of a core–shell NW at the
end. Reprinted with
permission from Ref. [23].
Copyright 2012 American
Chemical Society
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the core, which undoubtedly increases the complexity of the experimental operation.
Ivo Utke et al. developed a new strategy that uses the non-functional vertical arrange-
ment of MWCNTs to study the nucleation and growth of TiO2 shells in the ALD
process [24]. On the uneven surface of multi-walled carbon nanotubes, TiO2 can still
be deposited evenly. It is a simple strategy to control the coverage, morphology and
crystallinity of the TiO2 layer. Similarly, Lu et al. also deposited TiO2 on the unfunc-
tionalized Ge@G surface by the ALD method to synthesize Ge@Graphene@TiO2

nanofibers with a core–shell structure [25]. Hupp et al. used the ALD method to
deposit TiO2 on the surface of silver, and controllably adjusted the thickness of the
TiO2 shell [26].

The template synthesis method employs materials with nanostructures, easy-to-
control shapes, inexpensive and easy-to-obtain as templates. Then, physical or chem-
icalmethods are used to deposit rawmaterials into the pores of thematerials template.
Finally, the template is removed to obtain the template morphology nanomaterials.
The template method is an important method for the synthesis of nanomaterials
with specific properties. Niu et al. successfully synthesized C-TiO2@g-C3N4 core–
shell hollow nanospheres by the template method [27]. The unique hollow structure
improves the efficiency of light energy utilization. First, carbon-doped TiO2 hollow
spheres were prepared using carbon spheres as templates. Then, g-C3N4 is grown
in situ on the C-TiO2 hollow sphere to make close contact between the two semicon-
ductors. Furthermore, Zhang et al. synthesized core–shell Ni@TiO2 and Ni@SiO2

composites using a two-step template method [28]. First, uniform Ni particles were
synthesized by the solvothermal reaction. Then, using tetrabutyl titanate (TBOT)
as the precursor, Ni@TiO2 composite microspheres with core–shell structure were
preparedby template deposition (Fig. 27.8).Using ethyl orthosilicate as the precursor,
a layer of silicon is coated on the surface of the Ni microspheres by a general sol–
gel method. Compared with the original Ni microspheres, the electromagnetic wave
absorption properties of Ni-TiO2 and Ni-SiO2 are significantly enhanced.

Fig. 27.8 Schematic illustration of the formation process of the Ni@TiO2 and Ni@SiO2 core–
shell microspheres. Reprinted with permission from Ref. [28]. Copyright 2015 Royal Society of
Chemistry
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Self-assembly strategymakes the basic structural units (molecules, nanomaterials,
micron or larger substances) spontaneously form an ordered structure. In the process
of self-assembly, the basic structural units spontaneously organize or aggregate into a
stable nanostructurewith a certain regular geometric appearance under the interaction
based on non-covalent bonds. Bian et al. prepared BixTi1-xO2 mesoporous spheres
with core–shell cavities under solvothermal conditions using a self-assemblymethod
[29]. Although Bi atoms are much larger than Ti atoms, the cross-condensation
between Ti–OH and Bi–OH ensures that the Bi doping is completely integrated
into the TiO2 lattice. During the reaction, TiO2 aggregates to form spheroids, and
then through dissolution and redeposition to form hollow spheroids with adjustable
internal structure. Moreover, Bian et al. used the ultrasound-assisted aerosol-spray
method to prepare TiO2 layered hollow microspheres [30]. This unique structure is
assembled from TiO2 nano wafers. The 3–4 nm ultrafine gold nanoparticles can be
uniformly deposited on the surface of TiO2 hollow microspheres after adding Au3+

to the precursor solution. In addition, Ashok K. Ganguli et al. proposed for the first
time to design ii-type TiO2/CuS core–shell nanostructures according to the surface
functionalization route [31]. First, they used 3-mercaptopropionic acid (MPA) as a
functional ligand to grow on TiO2 nanorods, and then used different concentrations
of copper and sulfur precursors to achieve the best CuS shell thickness on the TiO2

nanorods. Chen et al. have developed a general method of coating ZnO on various
metal nano seeds, including metals, oxides, polymer nanoparticles, graphene oxide
and carbon nanotubes [32]. It is necessary to control the nucleation and growth of
the shell materials, the wetting of the shell materials of the seeds and the aggregation
of the nanoparticles. ZnO is used to encapsulate gold nanoparticles in a case study to
understand the multiple effects of polyvinylpyrrolidone (PVP) and its dependence
on other factors (Fig. 27.9). The method can be further extended to include Fe3O4,

Fig. 27.9 Controlling the “wetting” of ZnO on Au seeds. a Equilibrium configurations for two
immiscible liquid droplets 1 and 3 in solvent 2; and schematics illustrating b the Au–ligand–ZnO
and c the Au –ligand–PVP–ZnO interactions in Au@ZnO NPs. Reprinted with permission from
Ref. [32]. Copyright 2013 American Chemical Society
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MnO, Co2O3, TiO2, Eu2O3, Tb2O3, Gd2O3, Fe@Ni(OH)2, ZnS, CdS, etc. as shell
materials.

In addition to the above several commonly used methods, there are also some
special TiO2 core–shell structure preparationmethods. Hu et al. synthesized a unique
core–shell structured TiO2 photocatalyst through one-step hydrogen treatment at
400–600 °C [33]. Ti3+ is located inside the crystal core, while the unordered Ti4+

constitutes the shell layer. Zhao et al. reported a simple extended Stöber’s method
to synthesize mesoporous core–shell TiO2 nanomaterials [34]. The core–shell p-Si-
mesoporous n-TiO2 hybrid material was successfully prepared with silver-assisted
p-type silicon nanowires (Si NWs) as the core and mesoporous n-type anatase TiO2

as the outer shell. Further, Zhao et al. reported a multi-purpose dynamic control
coating method to construct a uniform porous TiO2 multifunctional core–shell struc-
ture [35]. By simply controlling the hydrolysis and condensation kinetics of TBOT in
ethanol/ammonia mixtures, uniform porous TiO2 shell-core structures with different
diameters, geometries and compositions (for example, Fe-Fe2O3 ellipses) can be
prepared. Although this method is very simple, the thickness of the TiO2 shell can
be easily controlled.

27.3 Photocatalytic Performance of Core–Shell TiO2

So far, TiO2 is the most widely used photocatalyst. The application of nano-TiO2

photocatalysis is mainly applied to the degradation of pollutants, hydrogen evolution
reaction and carbon dioxide reduction. The core–shell structure TiO2 with unique
morphology can effectively improve the photocatalytic performance.

Photocatalytic degradation of organic pollutants has the advantages of low energy
consumption, high efficiency and direct use of sunlight [36]. Therefore, there are
many research reports in wastewater treatment. Hu et al. synthesized a unique core–
shell structured TiO2 photocatalyst with Ti3+ core and Ti4+ outer shell through
one-step hydrogen treatment [33]. The inner Ti3+ can be stably excited by visible
light without changing, while the outer Ti4+ has a good ability to adsorb pollutants
(Fig. 27.10). This catalyst can effectively degrade pollutants under the visible light
environment at room temperature and pressure in which the degradation efficiency
of MB is 400% of that of original TiO2. Ashok K. Ganguli and others constructed
a CuS/TiO2 heterogeneous core–shell material to degrade toxic organic pollutants
in wastewater [31]. Under visible light irradiation, the unique core–shell structure
maximizes the interface contact between the core and the shell, thereby reducing the
recombination rate of photogenerated carriers and enhancing the transfer of electrons
and holes.

In addition, the use of noble metal nanoparticles with strong localized Surface
Plasmon Resonance (LSPR) effect is also an effective way to improve the efficiency
of photocatalytic carrier separation. However, due to the uneven distribution and
rapid agglomeration of precious metal particles, the precious metal photocatalyst is
easily deactivated, so researchers focus on the size and stability of precious metals.
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Fig. 27.10 The schematic of energy level transition and solar energy spectrum. Reprinted with
permission from Ref. [33]. Copyright 2019 Elsevier B.V. All rights reserved

Li et al. reported a new Au/TiO2 photocatalyst prepared by continuous solvothermal
and hydrothermal treatment [20]. They evenly encapsulated the gold nanoparticles
with mesoporous core–shell TiO2 microspheres, which can inhibit the agglomera-
tion and shedding of Au, thereby improving its photocatalytic oxidation activity and
durability. While protecting Au, the mesoporous pores on the shell can allow reac-
tive molecules to enter the cavity for effective degradation. Other precious metals
nanoparticles can also be encapsulatedwith core–shell TiO2 microspheres, providing
a new method for designing high-stability precious metal photocatalysts. Bian et al.
first prepared single-crystal mesoporous TiO2 layered hollow microspheres using
the ultrasonic-assisted aerosol-spray method [30]. Single crystal mesoporous TiO2

significantly enhances charge separation due to its internal defects and porous charac-
teristics. If gold ion raw materials are added to the TiO2 precursor solution, ultrafine
gold nanoparticles can be uniformly deposited on the surface of the TiO2 hollow
microspheres, which can effectively degrade pollutants in wastewater. In order to
degrade pollutant molecules more efficiently, Bian et al. introduced a piezoelec-
tric field in the photocatalytic system to prevent photoelectron-hole recombination
[37]. Generally speaking, the formation of the piezoelectric field requires additional
mechanical force or a high-frequency ultrasonic bath, which increases the cost of
the reaction. They used a simple coating method to prepare a PZT/TiO2 core–shell
catalyst. Only by collecting the mechanical energy of the water, an internal piezo-
electric field can be generated (Fig. 27.11). When the stirring speed is 800 rpm/min,
the measured transient photocurrent on the PZT/TiO2 electrode is about 1.7 times
that of 400 rpm. Therefore, PZT/TiO2 has greatly improved the photocatalytic degra-
dation rate and mineralization efficiency of various pollutants (such as rhodamine B,
bisphenol A, phenol and p-chlorophenol).
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Fig. 27.11 a Diagram illustration on the proposed piezoelectric field enhanced photocatalytic
reaction and b simplified band structure diagrams of TiO2 at the photocatalyst –solution interface
with different PZT polar direction. Reprinted with permission from Ref. [37]. Copyright 2018
American Chemical Society

Solar water splitting is a promising method for producing clean and renewable
energy. The decomposition of water into hydrogen fuel and oxygen by photocatal-
ysis provides a particularly attractive solution [38]. Cheng et al. succeeded in acti-
vating inert rutile TiO2 for high-performance photocatalytic hydrogen evolution
by creating a crystalline Ti3+ core and amorphous Ti4+ shell structure [39]. This
structure can effectively inhibit the recombination of electrons and holes, thereby
controllable adjustment of the movement of photogenerated carriers from the inner
core and the outer shell. Interestingly, the unique arrangement of the crystalline
Ti3+ core will make its interface bulge upward without the protection of the amor-
phous Ti4+ shell. This structure can be easily extended to the activation of other
oxide/nitrogen-based photocatalysts to achieve efficient solar energy conversion.
Patrik Schmuki et al. used a high-pressure hydrogenationmethod tomodify commer-
cial anatase/rutile TiO2 powders, which can generate efficient and stable hydrogen
evolution photocatalysts without the use of precious metal promoters [40]. In addi-
tion to the self-modification of TiO2, the construction of a heterojunction catalyst is
of great benefit to the improvement of water splitting activity. Niu et al. explored a
core–shell hollow nanosphere material grown in situ on the surface of C-doped TiO2

with g-C3N4 [27]. Compared with the original C-TiO2 and g-C3N4, the composite
heterojunction photocatalyst has significantly enhanced visible light photocatalytic
water splitting to generate H2 activity. That is 22.7 times and 10.5 times that of C-
TiO2 and g-C3N4, respectively. The performance enhancement is attributed to the
formation of a heterojunction between the two semiconductors and the effect of
the core–shell hollow structure on the separation of electrons and holes. Li et al.
synthesized Ti3+ self-doped B-TiO2/g-C3N4 hollow core–shell nano-heterojunctions
by continuous hydrothermal deposition and etching reduction methods [41]. The
photocatalytic hydrogen evolution activity of B-TiO2/g-C3N4 nano-heterojunction
is significantly improved by 18 times and 65 times compared with ordinary TiO2 and
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Fig. 27.12 The photocatalytic hydrogen production mechanism of the Ti3+ self-doping B-TiO2/g-
C3N4 hollow core–shell nano-heterojunction. Reprinted with permission from Ref. [41]. Copyright
2019 Elsevier B.V. All rights reserved

g-C3N4. Through continuous electrochemical tests, the author believes that the main
mechanism of photocatalytic hydrogen increase is that oxygen vacancies increase
visible light response and self-doped Ti3+ reduces the activation barrier required
for H2 generation (Fig. 27.12). Furthermore, the core–shell nano-heterojunction can
promote the separation of photogenerated electrons and holes to improve the effi-
ciency of photocatalytic hydrogen release. More importantly, the hollow core–shell
nanostructure improves the specific surface area and stability of the material.

Photocatalytic reduction of carbon dioxide and its conversion into hydrocarbon
fuel is a challenging technology. Huang et al. reported a simple low-temperature
solvothermal method to prepare a uniform and broad-spectrum hydrogenated blue
H-TiO2-x [42]. This material has an obvious crystal nucleus and amorphous shell
structure. The amorphous shell contains a large amount of oxygen vacancies which
is beneficial to the adsorption and activation of CO2. The formation of CO2 reduc-
tion intermediate products shows that the defects on the surface of H-TiO2-x can
effectively accelerate the adsorption and chemical activation of extremely stable
CO2 molecules, making it easier for CO2 to CH4. It is worth noting that the surface
electron-modified H-TiO2-x can extend the broad spectrum response, enhancing the
separation and transport of electron–hole pairs. Further, the optimized material has
a high methane production; the production and the selectivity rate under sunlight
irradiation are 16.2 mol g−1 h−1and 79%, respectively. Xiong et al. used ultrafast
spectroscopy to prove that charge transfer can occur between light-excited inorganic
semiconductors and MOFs [43]. To prove this concept, they developed a method
to synthesize Cu3(BTC)2@TiO2 core–shell structure, and used CO2 conversion as a
model to study the photocatalytic performance. The designed hybrid material uses
semiconductor TiO2 as the shell, which is favorable for light excitation to generate
excitons. Moreover, the outer shell has a macroporous structure, which facilitates the
capture of gasmolecules in the inner core and provides sufficient specific surface area
for photocatalysis. Chai et al. demonstrated the synthesis of MWCNT/TiO2 core–
shell nanocomposite and its application in photocatalyticCO2 reduction under visible
light radiation [44]. The photocatalytic mechanism shows that the enhancement of
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Fig. 27.13 Photoexcitation
of the MWCNT/TiO2
nanocomposites and the
subsequent electron charge
transfer. Reprinted with
permission from Ref. [44].
Copyright 2013 Elsevier
B.V. All rights reserved

the photoreactivity of the core–shell nanocomposite is achieved by electron transfer
between the TiO2 shell and CNT, which changes the recombination of electron–hole
pairs and improves the super-efficiency of photocatalysis (Fig. 27.13).

27.4 Conclusions and Perspectives

In conclusion, the core–shell structured TiO2 nanomaterials as a new type of photo-
catalyst show huge potential advantages [45]. Due to the interaction between the core
and shell, the core–shell nano-TiO2 has unique properties that other TiO2 morpholo-
gies do not have. Compared with traditional TiO2, its unique size effect, surface
effect and cavity structure reflect light making it have higher photocatalytic activity.
This chapter reviews the development of core–shell nano-TiO2 in the field of photo-
catalysis. Firstly, the synthesis methods of core–shell nano-TiO2 are introduced,
including sol–gel method, water/solvothermal method, chemical deposition method,
template synthesis method and self-assembly strategy. We focus on analyzing the
basic operations of various methods and the key factors that can be controlled.
Secondly, according to the structure–activity relationship, we detailed the appli-
cation of core–shell nano-TiO2 in the field of photocatalysis, including pollutant
degradation, hydrogen evolution reaction and carbon dioxide reduction.

However, core–shell nanomaterials still have many key scientific and technical
issues restricting their industrial applications, and in-depth research is needed. Firstly,
based on the diversity of synthesis methods, the position and formation mechanism
of TiO2 in the core-shell structure need to be further studied. Secondly, the perfor-
mance of core–shell TiO2 materials can be improved by constructing heterojunctions.
There are many elements to choose from, such as metals, non-metals, oxides and
organic polymers. How to appropriately select TiO2 and other materials to form a
heterojunction and optimize the ratio of the two in the core–shell structure? This
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is a problem worthy of systematic research. At present, the preparation conditions
of most core–shell TiO2 composite materials are relatively strict. It is believed that
with the deepening of research and the maturity of synthesis methods, core–shell
nanomaterials will be further away from the practical application.
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Chapter 28
Synthesis of Yolk-Shell Structured
Fe3O4@Void@CdS Nanoparticles:
A General and Effective Structure Design
for Photo-Fenton Reaction

Lingzhi Wang and Jinlong Zhang

28.1 Introduction

The photo-Fenton reaction, which combines Fenton reagents that generate highly
aggressive ·OH from H2O2 and light irradiation that gives rise to extra ·OH radi-
cals is considered to be one of the most effective ways to decontaminate [1, 2].
However, the generation of ferric-hydroxide sludge and quick loss of ferrous in the
Fe2+–H2O2 system have severely hindered its practical applications [3]. Compared
with a homogeneous photo-Fenton reaction, a heterogeneous photo-Fenton reaction
in which Fe is stabilized within the catalyst structure partly overcomes the aforemen-
tioned problems [4, 5]. Considering the higher content of structural Fe2+, Fe3O4 is
extensively reported to be the most effective and widely used heterogeneous photo-
Fenton catalyst among Fe-based materials [6, 7]. Moreover, the merit of inherent
magnetic property contributes to not only the fast separation but also the controllable
synthesis [8]. Nevertheless, bare Fe3O4 still has some inevitable problems such as
limited adsorption ability, spontaneous aggregation, narrow suitable pH range and
inferior cyclic performance [4].

On the one hand, in order to gain better enrichment ability for pollutants as well
as avoiding aggregation, inert materials such as carbon and, SiO2 are introduced to
fabricate loading- or coating-type catalyst [9–11].Among them, yolk-shell structured
Fe3O4@void@shell composites composed of a movable Fe3O4 core and a layer of
permeable shell have recently gained increasing attention in the fields of catalysis [12,
13], biology [14, 15] and energy storage [16, 17], where the interior core is efficiently
protected from agglomeration and is accessible for small molecules. In the context
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of catalysis, the cavity between the core and shell with a flexibly tunable volume
provides a nanoreactor for a variety of reactions, in which the confined reactants
may result in improved reaction rate or altered synthetic route [18–20].

On the other hand, the limited working pH range around 3 commonly encountered
by most Fenton agents has significantly obstructed the wide applications [21, 22].
Although the heterogeneous Fenton agent generally can be applied in less acidic
conditions, the regeneration efficiency of Fe2+ from Fe3+ and the oxidation potential
of hydroxyl radicals have actually both been decreased. Recently, the combination of
semiconductor and Fe-containing compound has proven to be effective on reducing
Fe3+ to Fe2+ by the photogenerated electron from a semiconductor [23, 24]. Consid-
ering the priority of the yolk-shell structured composite as a nanoreactor, it is desir-
able to apply it in a photo-Fenton process, which, however, has been retarded by the
tedious preparation process including layer-by-layer coating and removal of sacri-
ficing layer, as well as the underdeveloped techniques on the component-tailoring
[25–27]. As such, current progress is far from the application requirements covering
the fast degradation rate, efficient utilization of solar light and reasonable recycla-
bility. To this end, a simple and general synthesis technique for yolk-shell structured
composite is extremely desired to put forward its application in the photo-Fenton
treatment of sewage water [28–30].

Owing to the excellent absorption ability to visible light, CdS has been recently
integrated into versatile yolk-shell structured nanocomposites and applied in photo-
catalysis. For example, Han et al. achieved an improved photocatalytic activity for
hydrogen evolutionusingyolk-shell structuredAuNR-CdS [31].Xiao et al. fabricated
the yolk-shell structuredCdS@void@TiO2 forH2 evolution and dye degradation; the
TiO2 shell can both provide more active sites and protect CdS from oxidation [32].
Lou et al. reported a sulfidation, and cation-exchange strategy for preparing multi-
shelled ZnS-CdS rhombic dodecahedral cages (RDCs) by the yolk-shell Zn-based
ZIF-8 RDCs [33]. Zhong et al. synthesized yolk-shell CdS–graphene composite
with a hollow core for dye degradation [34]. Zhou et al. revealed the heterostruc-
tures ofNH2-MIL-125/TiO2/CdSyolk-shell can bring superior photocatalytic perfor-
mances [35]. Considering the unique cavity for promoting the light absorption and
the possible coupling effect between a core and shell, a yolk-shell structured cata-
lyst with CdS is also expected to be functional in the Fenton reaction. Herein, using
hydrophilic Fe3O4@SiO2 particle as the cores, we report a simple one-pot strategy
for the rational design and successful synthesis of Fe3O4@void@semiconductor[36].
As demonstrated by Fe3O4@void@CdS, the inner SiO2 layer can be gradually etched
with the coating of theCdS shell through aCBDprocess. The obtained yolk-shellNPs
are monodisperse and the CdS shells are highly uniform. This catalyst shows excel-
lent activity toward the degradation of methylene blue in a wide pH range from 4.5 to
11. Control experiments are carried out to fully understand the possible mechanism
of this heteroconjuction. Further studies show similar enhanced activities can also be
achieved on yolk-shell structure containing different semiconductor shells including
TiO2 and CeO2, demonstrating the general feasibility of this kind of photo-Fenton
agent in efficient water decontamination.
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28.2 Experimental Section

Synthesis of yolk-shell structured Fe3O4@void@CdS NPs
First, themagnetic Fe3O4 coreswere synthesized according to a solvothermalmethod
described previously [37]. And then, Fe3O4@SiO2 core-shell NPs were prepared
through a modified Stöber method [38]. Finally, the synthesis of Fe3O4@void@CdS
NPs adopts themethod in our previousworkwith somemodifications [12]. Typically,
50mg of Fe3O4@SiO2 NPswas dispersed into 100mLdistilledwater under vigorous
stirring. After 30 min, CdCl2 (10 mL, 0.05 M), trisodium citrate (3 mL, 0.2 M) and
thiourea (2.5 mL, 0.2 M) were added into the above aqueous solution orderly. An
appropriate amount of concentrated ammonia solution was then introduced to the
suspension drop by drop until the final pH value reached 11. Afterward, the resultant
solution was kept at 60 °C under ultrasonic conditions for 2 h. Fe3O4@void@CdS
were magnetically collected, washed and finally dried before use.

Synthesis of Fe3O4@SiO2@CdS NPs
Fe3O4@SiO2@CdS NPs were synthesized according to our previous work [12].

Synthesis of SiO2@void@CdS NPs
SiO2@void@CdS NPs were synthesized just taking SiO2 NPs (ca. 220 nm) as cores
with other experimental reagents and method unchanged. Because of the similar
SiO2 surface compared with Fe3O4@SiO2, the right size of hollow space could be
got as long as the right mass of SiO2 NPs is applied.

Synthesis of Fe3O4@CdS NPs
Fe3O4@CdS NPs were synthesized by coating CdS on Fe3O4 cores directly.

Synthesis of CdS NPs
CdS NPs were synthesized just without adding the Fe3O4@SiO2 cores.

Synthesis of Fe3O4@void@TiO2 NPs
The core-shell structured Fe3O4@SiO2@TiO2 NPs were synthesized based on
the hydrolysis and condensation of TBOT [39]. The yolk-shell structured
Fe3O4@void@TiO2 NPs were obtained after etching of the SiO2 layer by concen-
trated ammonia solution in a water bath at 60 °C.

Synthesis of Fe3O4@void@CeO2 NPs
The core-shell structured Fe3O4@SiO2@CeO2 NPs were synthesized according to
the method reported previously [40]. The yolk-shell structured Fe3O4@void@CeO2

NPs were obtained after etching of the SiO2 layer by concentrated ammonia solution
in a water bath at 60 °C.

Characterizations
Scanning electronmicroscopy (SEM) imageswere taken on a field emission scanning
electron microscope (FESEM, S4800, Hitachi) equipped with an energy-dispersive
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X-ray spectrum (EDS, JEOLJXA-840). The transmission electronmicroscopy (TEM
JEOL JEM-2100EX) was used to characterize the samples’ morphologies. The
crystal phases of the obtained samples were analyzed by X-ray diffraction (XRD)
on a SHIMADZU XRD-7000 XRD diffractometer using Cu Kα radiation. Raman
spectra were recorded on a Renishaw inVia-Reflex Raman microprobe system. The
Brunauer-Emmett-Teller (BET) surface area of the sample was determined through
nitrogen adsorption at 77 K (Micromeritics ASAP2010). A vibrating sample magne-
tometer (VSM, LakeShore7407) was used tomeasure themagnetic hysteresis loop of
the obtained sample at room temperature. The photoluminescence (PL) spectra were
measured with a spectrofluorophotometer (Shimadzu, RF-5301). UV–Vis spectra of
methylene blue were recorded using an ultraviolet visible spectrophotometer (Cary
100).

Photo-Fenton Experiments
Thephoto-Fenton activities of the as-prepared sampleswere tested by the degradation
experiment under visible light irradiation using methylene blue as a model pollutant.
The light sourcewas a 1000W tungsten-halide lamp equippedwithwavelength cutoff
filters (λ ≥ 420 nm). In a typical experiment, a certain amount of the samples was
added into methylene blue aqueous solution. Before turning on the light, the suspen-
sion was vigorously stirred in dark for 40 min to establish the adsorption/desorption
equilibrium. In the beginning, a certain amount of H2O2 and NaOH was added into
the solution together with turning on the lamp. At fixed time intervals during the
degradation process, 2 mL of the solution was taken out and immediately magnetic
separated for 30 s to get the upper clear solution. The concentration of methylene
blue was analyzed by recording the characteristic absorption peak at 664 nm using
a UV-Vis spectrophotometer. The photo-Fenton experiments of Fe3O4@void@TiO2

and Fe3O4@void@CeO2 were similar to that of Fe3O4@void@CdS only using a Xe
lamp (300 W) as the light source.

28.3 Results and Discussion

The synthesis method of the yolk-shell structured Fe3O4@void@CdS NPs is
explained in Scheme 28.1. First, magnetic Fe3O4 NP as a core was synthesized
by a solvothermal process. Then a SiO2 layer was coated above Fe3O4 through a
modified Stöber process, which serves as the hard template for the void space. The
yolk-shell structured Fe3O4@void@CdS NPs were gained by a one-pot ultrasound-
assisted CBD method, where SiO2 was gradually etched during the in situ growth
process of the CdS layer.

The FESEM images of Fe3O4@SiO2 and Fe3O4@void@CdS NPs show these
two composites are monodisperse and have uniform sizes of ca. 170 and 200 nm,
respectively (Fig. 28.1a, b). The TEM image of Fe3O4@SiO2 indicates that the
diameter of the Fe3O4 core is ca. 100 nm and the thickness of the SiO2 shell is ca.
35 nm (Fig. 28.1c). Fe3O4@void@CdS has a coarse CdS shell with the thickness
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Scheme 28.1 Schematic illustration for the formation of the Fe3O4@void@CdS NPs. Reprinted
with permission from Ref. [36]. Copyright 2016 American Chemical Society

Fig. 28.1 FESEM images of a Fe3O4@SiO2 and b Fe3O4@void@CdS NPs; TEM images
of c Fe3O4@SiO2 and d Fe3O4@void@CdS NPs. Reprinted with permission from Ref. [36].
Copyright 2016 American Chemical Society
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of ca. 15 nm and the void space with a radius of ca. 35 nm between the Fe3O4 core
and the CdS shell, which is consistent with the thickness of the original SiO2 layer
and indicates the successful etching of SiO2 during the coating of the CdS layer
(Fig. 28.1d).

The EDS result (Fig. 28.2a) shows S, O, Fe and Cd elements and negligible Si,
further verifying the effective etching of SiO2. The wide-angle XRD patterns of
Fe3O4@void@CdS NPs are displayed in Fig. 28.2b. Obvious peaks at 2θ values
of 25.3° (100), 26.6° (002), 28.3° (101), 44.2° (110), 48.0° (103) and 51.8° (112)
can be indexed to the planes of hexagonal phase CdS (JCPDS Card No. 80-0006).
In addition, the peaks located at the 2θ values of 30.1° (220), 35.4° (311), 57.0°
(511) and 62.5° (440) correspond to the characteristic peaks of orthorhombic phase
Fe3O4 (JCPDS Card No. 19-0629) very well. The Raman spectrum is further used
to confirm the presence of CdS and Fe3O4. As shown in Fig. 28.2c, two prominent
peaks located at 301 and 601 cm−1 originate from 1 LO (longitudinal optical) and
2 LO vibrational modes of CdS, respectively [41]. Two peaks located at 480 and
667 cm−1 can also be found in the spectrum, which is accordant with the T2g and A1g

bands of Fe3O4, respectively [42]. The magnetic property of the Fe3O4@void@CdS

Fig. 28.2 a EDS patterns of Fe3O4@void@CdS NPs; b XRD patterns of Fe3O4@void@CdS
NPs; c Raman spectra of Fe3O4@void@CdS NPs; d Field-dependent magnetization curve of
Fe3O4@void@CdS at room temperature. Reprinted with permission from Ref. [36]. Copyright
2016 American Chemical Society



28 Synthesis of Yolk-Shell Structured Fe3O4@Void@CdS Nanoparticles … 465

NPs was quantified with VSM at room temperature. As illustrated in Fig. 28.2d,
the hysteresis loop shows the ferromagnetism of the Fe3O4@void@CdS NPs. The
saturation magnetization for Fe3O4@void@CdS NPs is about 24.56 emu·g−1, which
can be quickly separated from the solution by applying an external magnetic field
within 30 s (inset in Fig. 28.2d).

Formation Mechanism of Fe3O4@void@CdS NPs
To reveal the formation mechanism of Fe3O4@void@CdS NPs, the influence of
pH values in the CBD process was further studied. Tiny and disconnected CdS
nanoclusters are deposited on the surface of Fe3O4@SiO2 and the SiO2 layer is
well preserved at pH < 9 (Fig. 28.3a). A uniform CdS shell is formed around the
SiO2 layer when the pH value increases to 10 (Fig. 28.3b). The yolk-shell structured
Fe3O4@void@CdS is finally formed at pH = 11 with the assistance of ultrasonic
treatment. In contrast, the CdS shell is broken at a higher pH value of 12 and no
shell can be formed at pH = 13 (Fig. 28.3c, d), where only bulk CdS NPs detached
from Fe3O4 are observed. It is known that S2− gradually releases from thiourea in
alkaline conditions (Eqs. 28.1–28.3). Therefore, Cd2+ can hardly be adsorbed on the
SiO2 surface when the releasing speed of S2− is too fast in a strong alkaline system,
resulting in the homogeneous nucleation of CdS in the solution. In a mild reaction
system with a pH of 11, Cd2+ can be firstly adsorbed onto the surface of SiO2

uniformly in the case of retarded decomposition of thiourea. With the continuous
generation of S2− and gradual etching of SiO2, a uniform CdS shell is finally formed

Fig. 28.3 TEM images of the samples a pH = 9; b pH = 10; c pH = 12; d pH = 13; and e without
trisodium citrate. Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical
Society
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(Eq. 28.5), with the formation of a hollow cavity. Moreover, trisodium citrate here
acts as a complex agent to control the concentration of Cd2+ (Eq. 28.4) in the case
of the nucleation of CdS in the solution as mentioned above because of its low
solubility product constant (Ksp = 10−28) [43]. In the absence of trisodium citrate,
CdS nanoclusters generate irregularly and of course, no shells can be formed even if
the SiO2 layer has been successfully etched (Fig. 28.3e).

NH3 + H2O → NH + 4 + OH− (28.1)

(NH2)2CS + OH− → CH2N2 + H2O + HS− (28.2)

HS− + OH− → S2− + H2O (28.3)

[CdCitr]− ↔ Cd2+ + Citr3− (28.4)

Cd2+ + S2− → CdS ↓ (28.5)

Photo-Fenton Degradation Activities
The photo-Fenton activity of as-prepared Fe3O4@void@CdS NPs was studied using
methylene blue as a model pollutant. As shown in Fig. 28.4a, under visible light
irradiation (λ ≥ 420 nm), about 90% of methylene blue is degraded just within 5 min
and no methylene blue can be detected after 10 min in the presence of 0.2 g·L−1 of
Fe3O4@void@CdS and 300 mM of H2O2, exhibiting an extremely excellent degra-
dation activity. The self-degradation of methylene blue can be excluded because
no obvious degradation is observed under light irradiation. Meanwhile, without
Fe3O4@void@CdS, only 10%ofmethylene blue is degraded in the presence ofH2O2

after 10 min irradiation. In the absence of H2O2, 18% and 22% removal efficiencies
are achieved within 10 and 20 min, which should be caused by the photocatalytic
activity of Fe3O4@void@CdS. For the Fenton reaction in the dark condition, a rela-
tively fast degradation rate is observed within the first 10 min (16%) but significantly
slows in 20 min. The above results well demonstrate the high degradation efficiency
is mainly caused by the photo-Fenton reaction on Fe3O4@void@CdS.

The influence of H2O2 amount on the degradation efficiency is further studied in
a wide concentration range of 20–300 mM (Fig. 28.4b). About 88% of methylene
blue can be degraded within 20 min in the presence of 20 mM of H2O2. Complete
degradation is achieved only within 7.5 min when the concentration increases to
200 mM. Further increasing of the H2O2 concentration to 300 mM enables a faster
degradation rate in the first 2.5 min. In addition, the effect of pH value was further
explored in the range of 4.5–11 (Fig. 28.4c). More than 90% removal of methylene
blue can be achieved within 7.5 min at pH = 4.5 and 7, which is slightly lower than
those without pH adjusting and with 100% efficiency at basic conditions. Further
extending the time to 10 min results in a nearly complete elimination, suggesting an
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Fig. 28.4 a Time profiles of degradation performances under different conditions at room temper-
ature (Cat. 0.2 g·L−1, MB, 10 mg·L−1, H2O2, 300 mM, Vol., 50 mL). Photo-Fenton performances
of Fe3O4@void@CdS with different b H2O2 dosages, c pH values and d concentrations of MB.
Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical Society

excellent performance of Fe3O4@void@CdS in a wide pH range. Notably, a higher
pH value (e.g. 11) even facilitates the degradation and the possible reasons will
be discussed later. The degradation abilities of Fe3O4@void@CdS to methylene
blue with different concentrations were also studied (10–50 mg·L−1). As shown
in Fig. 28.4d, methylene blue can be completely degraded at a concentration of
20 mg·L−1 in 20 min. 90% of methylene blue is eliminated within the same time
when the concentration increases to 30 mg·L−1. An extremely high degradation
ratio of ca. 67% still can be achieved even at a higher concentration of 50 mg·L−1,
indicating the extremely high decontamination efficiency of this yolk-shell structured
photo-Fenton agent.

Moreover, to understand the possible photosensitization effect of methylene blue
during the photo-Fenton process, tetracycline (TC), a very refractory antibiotic with
the maximum absorption peak at 357 nm, was further adopted as the pollutant model
(Fig. 28.5) [44]. 20 mg·L−1 of TC can be completely degraded within 20 min under
the visible light irradiation, which clearly excludes the contribution from the dye-
sensitization [45].
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Study on Reaction Mechanism and Morphology
To explore the mechanism of the photo-Fenton reaction, several control exper-
iments were carried out using Fe3O4, CdS, Fe3O4@CdS, Fe3O4@SiO2@CdS,
SiO2@void@CdS and the physical mixture of Fe3O4 and SiO2@void@CdS NPs
as catalysts (Fig. 28.6). All the reference samples are synthesized via similar
methods with the size and morphology precisely controlled (Fig. 28.7). Obvi-
ously, methylene blue can be more efficiently preadsorbed by yolk-shell structured

Fig. 28.5 Photo-Fenton degradation performances of Fe3O4@void@CdS toward TC at room
temperature under natural pH value (Cat. 0.2 g·L−1, H2O2, 0.300 mol·L−1, Vol., 50 mL, visible
light irradiation). Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical
Society

Fig. 28.6 Photo-Fenton degradation of MB by different catalysts (no cat., Fe3O4,
CdS, Fe3O4@CdS, Fe3O4@SiO2@CdS, physical mixture of Fe3O4 and SiO2@void@CdS,
SiO2@void@CdS and Fe3O4@void@CdS, Cat., 0.2 g·L−1, MB, 10 mg·L−1, H2O2, 300 mM,
Vol., 50 mL). Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical
Society
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Fig. 28.7 TEM images of the as-prepared a SiO2@void@CdS, b Fe3O4@CdS and c CdS NPs

samples Fe3O4@void@CdS (ca. 20%) and SiO2@void@CdS (ca. 12%), demon-
strating more adsorption sites result from the open inner surface of the yolk-shell
structure. Compared with SiO2@void@CdS, the improved adsorption efficiency of
Fe3O4@void@CdS should be attributed to the rough surface of Fe3O4 core. In fact,
a considerable adsorption efficiency of ca. 8% is revealed from naked Fe3O4 NPs, in
accordance with the difference between the adsorption ability of SiO2@void@CdS
and Fe3O4@void@CdS. Fe3O4@void@CdS also shows the best degradation perfor-
mance, where no methylene blue can be detected after light irradiation for 10 min.
The tests on Fe3O4 and CdS NPs suggest that they are both active components in the
photo-Fenton reaction, but both of the activities are inferior to Fe3O4@void@CdS.
In addition, only around 40% and 30% of methylene blue can be degraded by
Fe3O4@SiO2@CdS and Fe3O4@CdS within 10 min, indicative of the important
role of the yolk-shell structure. It is interesting that SiO2@void@CdS NPs show
better activities toward the degradation of methylene blue than CdS NPs, further
implying the priority of the unique shell structure and cavity. A physical mixture of
Fe3O4 (8 mg) and SiO2@void@CdS (2 mg) NPs is also used to confirm the possible
synergic effect between Fe3O4 and CdS (the ratio is calculated according to EDS to
simulate the composition of Fe3O4@void@CdS NPs), which also exhibits an infe-
rior performance to Fe3O4@void@CdS suggesting the importance of the synergistic
effect between Fe3O4 and CdS in Fe3O4@void@CdS.

The possible photo-Fenton mechanism of Fe3O4@void@CdS was further
explored by the radical-capture strategy. The addition of AgNO3 as an electron
scavenger significantly decreases the degradation efficiency (Fig. 28.8). Moreover,
stronger photoluminescence is observed from Fe3O4@SiO2@CdS compared with
Fe3O4@void@CdS (Fig. 28.9), which should be attributed to the electrons transfer-
ring from CdS to Fe3O4 without the insulating SiO2 layer. In contrast, a decrease of
the degradation rate is hardly observed in the presence of hole scavenger Na2C2O4

(Fig. 28.8), suggesting holes are not the key factor in this photo-Fenton system.
Based on the above results, a possible mechanism is proposed as illustrated in

Fig. 28.10. Under the visible light irradiation, electrons and holes are generated on
theCdS shell simultaneously (Eq. 28.6).On the one hand, electrons on the conduction
band of CdS can initiate the direct decomposition ofH2O2 to ·OH (Eq. 28.7) as shown
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Fig. 28.8 Comparison of photo-Fenton activities of the yolk-shell structured Fe3O4@void@CdS
NPswith different scavengers. Reprintedwith permission fromRef. [36]. Copyright 2016American
Chemical Society

Fig. 28.9 PL spectra of the Fe3O4@void@CdS and Fe3O4@SiO2@CdS NPs. Reprinted with
permission from Ref. [36]. Copyright 2016 American Chemical Society

in pathway 1 [46]. The electron may also transfer to the Fe3O4 cores, reducing Fe3+

to Fe2+ (Eq. 28.8). Because Fe2+ is more active in the Fenton process [4], this will
greatly speed up the generation of ·OH (pathway 2). On the other hand, the residue
holes in the value band of CdS may be able to react with H2O to generate active ·OH
(Eq. 28.10) or directly with methylene blue (Eq. 28.11) as illustrated in pathway 3.
Another important factor for the enhanced photo-Fenton activity is related to the yolk-
shell structure. In the photo-Fenton process, hydroxyl radical with great oxidative
potential (E0 = 2.8 V vs. SHE) is considered to be the predominant active species
for the degradation of dye [47, 48]. However, the lifetime of hydroxyl radicals in
water is on the scale of a few nanoseconds [49]. Dye molecules adsorbed on the
surface can capture the short-lived hydroxyl radicals to initiate the dye degradation
process [50, 51]. Therefore, the adsorption of dye molecules on the surface of the
catalystsmay largely affect the catalytic efficiency [52]. As a consequence, yolk-shell
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Fig. 28.10 Possible mechanism for the photo-Fenton degradation of MB by Fe3O4@void@CdS.
Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical Society

structure maximizes the BET surface (Fig. 28.11) to obtain better adsorption ability
and exposes more active sites on the inner and outer surfaces. Another advantage of
the yolk-shell structure is that the incident light may be reflected in the hollow space,
resulting in better utilization of light energy [53, 54]. This is in accordance with the
stronger absorbance of Fe3O4@void@CdS as shown in UV-Vis diffuse reflectance
spectra (Fig. 28.12).

CdS−→ hue−(CdS) + h+(CdS) (28.6)

H2O2 + e− → OH− + ·OH (28.7)

Fig. 28.11 Nitrogen
adsorption-desorption
measurements and the
estimated BET surface areas
of the Fe3O4@void@CdS,
Fe3O4@SiO2@CdS and
Fe3O4@CdS NPs. Reprinted
with permission from Ref.
[36]. Copyright 2016
American Chemical Society
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Fig. 28.12 UV-Vis diffuse
reflectance spectra of
Fe3O4@void@CdS,
Fe3O4@SiO2@CdS and
CdS NPs. Reprinted with
permission from Ref. [36].
Copyright 2016 American
Chemical Society

Fe3+ + e− → Fe2+ (28.8)

Fe2+ + H2O2 → Fe3+ + OH− + ·OH (28.9)

H2O + h+ → H+ + ·OH (28.10)

Dye + h+ → dye+ → degradation product (28.11)

Asmentioned above, Fe3O4@void@CdScan still exhibit goodperformance under
basic conditions, but bare Fe3O4 is generally regarded as a poor Fenton reagent in high
pH value [55]. The activity of SiO2@void@CdS was thus investigated at different
pH values to explore the possible reason. As seen from Fig. 28.13, SiO2@void@CdS
shows a faster degradation rate when the pH value increases, which indicates OH− is
favorable to the photo-Fenton degradation of methylene blue by CdS. There are two
possible reasons: one is the large amount of OH− in the solution that may react with
holes directly to generate active ·OH (Eq. 28.12) and the other is that the enhanced

Fig. 28.13 Photo-Fenton
degradation of MB by
SiO2@void@CdS under
different pH values (Cat.,
0.2 g·L−1, MB, 10 mg·L−1,
H2O2, 300 mM, Vol.,
50 mL). Reprinted with
permission from Ref. [36].
Copyright 2016 American
Chemical Society
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adsorption ability toward methylene blue in a basic environment [56]. Benefiting
from the enhanced activity of CdS as well as the synergic effect between CdS and
Fe3O4, Fe3O4@void@CdS keeps high activity under basic conditions.

OH− + h+ → ·OH (28.12)

Moreover, to verify the possible general feasibility of the above strategy
in the photo-Fenton process, yolk-shell structured Fe3O4@void@TiO2 and
Fe3O4@void@CeO2 are further prepared and applied to the methylene blue degra-
dation. The morphologies and XRD patterns can be seen in Figs. 28.14, 28.15.

Fig. 28.14 a TEM image of Fe3O4@void@TiO2 NPs; bXRDpattern of Fe3O4@void@TiO2 NPs.
Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical Society

Fig. 28.15 a TEM image of Fe3O4@void@CeO2 NPs; b XRD patterns of Fe3O4@void@CeO2
NPs. Reprinted with permission from Ref. [36]. Copyright 2016 American Chemical Society
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Fig. 28.16 Photo-Fenton
performances of
Fe3O4@SiO2@TiO2,
Fe3O4@TiO2 and
Fe3O4@void@TiO2 at room
temperature under natural
pH value (Cat., 0.2 g·L−1,
MB, 10 mg·L−1, H2O2,
300 mM, Vol., 50 mL, no
filter). Reprinted with
permission from Ref. [36].
Copyright 2016 American
Chemical Society

Fig. 28.17 Photo-Fenton
performances of
Fe3O4@SiO2@CeO2,
Fe3O4@CeO2 and
Fe3O4@void@CeO2 at
room temperature under
natural pH value (Cat.,
0.2 g·L−1, MB, 10 mg·L−1,
H2O2, 300 mM, Vol., 50 mL,
AM1.5 filter). Reprinted
with permission from Ref.
[36]. Copyright 2016
American Chemical Society

Both Fe3O4@void@TiO2 and Fe3O4@void@CeO2 show better performance in
dark reaction and degradation stages than the counterparts without a cavity struc-
ture (Figs. 28.16, 28.17), which is consistent with that of Fe3O4@void@CdS.
These results further confirm the cooperative effect between core and shell and
the priority of the cavity as a nanoreactor. The enhanced photo-Fenton activity is
well repeated demonstrating the wide applicability of photo-Fenton catalysts like
Fe3O4@void@semiconductor.

28.4 Conclusions

In summary, we have designed and illustrated the successful synthesis of yolk-
shell structured Fe3O4@void@CdS NPs through a modified CBD method. Using
Fe3O4@SiO2 as cores, Fe3O4@void@CdS NPs which are highly uniform and
monodisperse can be obtained by a one-pot coating-etching process. When applied
to photo-Fenton reaction, this yolk-shell structured catalysis shows excellent perfor-
mance due to the inherent synergic effect between CdS and Fe3O4. Meanwhile, the
yolk-shell structure also plays a key role: one is it functions as a nanoreactor to enrich



28 Synthesis of Yolk-Shell Structured Fe3O4@Void@CdS Nanoparticles … 475

the pollutant and provide a suitable reaction place; the other one is it max-utilizes
light irradiation owning to light reflection in the hollow place. A general structure
design is further proposed and verified by replacing the shell with TiO2 or CeO2. The
enhanced photo-Fenton activity is well repeated confirming the wide applicability
of photo-Fenton catalysis like Fe3O4@void@semiconductor. Benefitting from the
magnetic property of Fe3O4, this kind of catalyst could also be fast separated by an
external magnetic field for a secondary use. It is assumed the yolk-shell structured
Fe3O4@void@semiconductor catalyst which combines photocatalytic degradation
and Fenton reaction processes together by utilizing the optimally spatial arrangement
has a great potential for practical water treatment in the future.
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Chapter 29
Organic Transformations Enabled
by Yolk–Shell and Core–Shell Structured
Catalysts

He Huang, Weixiao Ji, and Wei Wang

29.1 Introduction

Heterogeneous catalysis plays an indispensable role in organic synthesis and a wide
range of chemicals is produced by this catalytic power. It has been widely used in
every aspect of industrial process. Among all heterogeneous catalysts, nanomaterial-
based catalysts have emerged as a newhorizon in recent years. The nanoeffects enable
catalysts to exhibit significantly different activity and efficiency compared to tradi-
tional heterogeneous catalysts. However, one main issue of nanocatalysts is that they
tend to agglomerate during the reaction process, which can deteriorate the catalytic
performance. In the past few years, the design of core–shell and yolk–shell nanos-
tructures has offered a promising solution to minimize the problem. Furthermore,
distinct from homogeneous and other nanocatalytic machinery, these nanocatalysts
can achieve the selectivity of substrate size by regulating the hole size of the shell
structure. In this chapter, we will focus on the developments of organic transfor-
mations enabled by yolk–shell or core–shell structured catalysts categorized by the
reaction type.
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29.2 Reduction Reactions

Selective hydrogenation of the carbonyl group in unsaturated aldehydes can provide
an efficient route for the production of unsaturated alcohols,which are broadly used in
perfume, flavoring, and pharmaceutical industries. However, developing an effective
catalyst for this transformation without affecting the carbon–carbon double bond is
challenging because the hydrogenation is a thermodynamically favored process for
C=C bond. In 2016, Li, Zhao, and Tang reported a novel core–shell nanocatalyst
with a sandwich nanostructure [1]. TheMIL-101 contains metal nodes of Fe3+, Cr3+,
or both and connected with 1,4-benzenedicarboxylate (BDC) linkers (Fig. 29.1).
By sandwiching platinum between a metal–organic framework (MOF) MIL-101
inner core and outer shell, the catalyst displays high stability and robustness in the
hydrogenation catalysis. Notably, the catalytic system can selectively convert a broad
range of α,β-unsaturated aldehydes to unsaturated alcohols with high efficiency and
significantly improve chemoselectivity over C=C double bond.

In the study, five typical sandwich nanostructures were designed and synthe-
sized. Among them, two MIL-101(Fe)@Pt@MIL-101(Fe) with shell thicknesses of
about 9.2 nm and 22.0 nm were synthesized, denoted as MIL-101(Fe)@Pt@MIL-
101(Fe)9.2 and MIL-101(Fe)@Pt@MIL-101(Fe)22.0. Other metal-containing nanos-
tructures MIL-101(Cr)@Pt@MIL-101(Cr) and MIL-101(Cr)@Pt@MIL-101(Cr)
were also prepared for performance comparison study. Cinnamaldehyde was chosen
as the standard substrate to test their efficiency and selectivity. The regular Pt
nanoparticles delivered double bond hydrogenation product as the major product
(Table 29.1, entry 1). By contrast, those catalysts with sandwich nanostructure
were capable of selective reduction of C=O over C=C bond (entries 2–5). In addi-
tion to cinnamaldehyde, they functioned smoothly for other unsaturated aldehydes
hydrogenation reaction with high chemoselectivity as well (entries 6–8).

In 2016, Jiang reported aPdnanocubes@ZIF-8 compositematerial for the efficient
hydrogenation of olefins (Fig. 29.2) [2]. The reaction was performed under mild

Fig. 29.1 SandwichMIL-101@Pt@MIL-101 nanostructures. Reprintedwith permission fromRef.
[1]. Copyright 2016 Springer Nature
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Table 29.1 Selective hydrogenation of different α,β-unsaturated aldehydes by different catalysts

Entry Catalyst A% B% C%

Substrate: cinnamaldehyde

1 Pt NPs 18.3 60.6 21.1

2 MIL-101(Fe)@Pt@MIL-101(Fe)22.0 96.3 1.9 1.8

3 MIL-101(Cr)@Pt@MIL-101(Fe)2.9 94.2 4.7 1.1

4 MIL-101(Cr)@Pt@MIL-101(Cr)5.1 79.2 14.6 6.2

5 MIL-101(Fe)@Pt@MIL-101(Fe)9.2 94.1 2.9 3.0

Substrate: furfural

6 MIL-101(Cr)@Pt@MIL-101(Cr)5.1 99.8 0 0.2

Substrate: 3-methyl-2-butenal

7 MIL-101(Fe)@Pt@MIL-101(Fe)22.0 92.5 2.8 4.7

Substrate: acrolein

8 MIL-101(Fe)@Pt@MIL-101(Fe)22.0 97.3 2.7 0

Reprinted with permission from Ref. [1]. Copyright 2016 Springer Nature

Fig. 29.2 Synthesis of Pd nanocubes@ZIF-8 and catalysis of the hydrogenation of olefins.
Reprinted with permission from Ref. [2]. Copyright 2016 John Wiley and Sons
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Fig. 29.3 Pdnanocubes@ZIF-8-catalyzedhydrogenation reaction.Reprintedwith permission from
Ref. [2]. Copyright 2016 John Wiley and Sons

reaction conditions with 1 atm H2 and light irradiation at room temperature. The
reaction was benefited from plasmonic photothermal effects of the Pd nanocube
core. The catalytic structures exhibited the unique performance by accelerating the
reaction by H2 enrichment and the high stability of the Pd core. Most importantly, it
displayed the selectivity on olefins with specific sizes (Fig. 29.3).

The stability of the Pd nanocubes@ZIF-8 catalyst was much higher than the Pd
nanocubes without a shell. After three cycles of reaction run, Pd nanocubes@ZIF-8
maintained the same catalytic ability while a significant drop in performance was
observed for the Pd nanocubes without a shell. Better substrate size control was also
achieved by the Pd nanocubes@ZIF-8.

Hydrogenation of nitroaromatics is a widely used process for the synthesis of
anilines. In 2018, Ma and Cheng reported a new Cu2O@ZIF-8 yolk–shell structure.
By employing a template protection-sacrifice (TPS) technique, Cu2O nanocubes
can be successfully encapsulated into a MOF ZIF-8 and form a composite material
Cu2O@ZIF-8 [3].

The Cu2O@ZIF-8 composite exhibits an excellent catalytic efficiency and a
good recycling stability in the hydrogenation of 4-nitrophenol by using NaBH4 as a
reducing reagent (Fig. 29.4). The reduction process was monitored by UV/Vis spec-
troscopy.Without the addition of Cu2O@ZIF-8, reaction did not take place. Upon the
addition of Cu2O@ZIF-8, the reduction happened immediately and finished within
14 min with a conversion rate of nearly 99%. After five testing cycles, this catalyst

Fig. 29.4 Catalytic reduction reaction of 4-nitrophenol to 4-aminophenol with Cu2O@ZIF-8.
Reprinted with permission from Ref. [3]. Copyright 2018 John Wiley and Sons
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was still highly active with 98% conversion in 20 min, indicating that the MOF shell
provides solid protection for the catalyst core structure throughout the whole reaction
course.

Pd@SiO2 core–shell nanocatalyst [4] and silver nanoparticle (Ag NPs) decorated
on tannic acid (TA)-covered magnetite (Fe3O4) (TA@Fe3O4-Ag NPs) nanohybrid
[5] were also exploited as catalysts for the hydrogenation of nitrobenzenes.

Besides MOF, covalent organic framework (COF) can also function as a shell in
the core–shell structure. Benefited from the large pore size and ordered π-columnar
structures of COF, the internal core is more accessible compared to the common
MOF shell. In 2018, Kim reported a Pd-doped MOFs@COFs hybrid as a photo-
catalytic platform. A Pd-doped NH2-MIL-125(Ti) (TiATA) was encapsulated into
the LZU1 COF shell to form the Pd-doped MOFs@COF hybrid (Fig. 29.5) [6].
As demonstrated, the nanostructure showed a great photocatalytic performance for
tandem dehydrogenation of ammonia borane and hydrogenation of olefins reaction
in both continuous-flow microreactor and batch reactor.

Pd/TiATA@LZU1 was tested in the photocatalytic hydrogenation of styrene.
As shown in Table 29.2, almost 100% conversion of styrene to ethylbenzene was

Fig. 29.5 Preparation of the Pd-doped TiATA@LZU1 core–shell and the photocatalytic applica-
tions. Reprinted with permission from Ref. [6]. Copyright 2018 John Wiley and Sons

Table 29.2 Photocatalytic hydrogenation of styrene

Entry Photocatalyst Conversion (%) Selectivity (%)

1 Pd/TiATA@LZU1 >99 >99

2 Pd/LZU1 42 >99

3 Pd/TiATA 83 >99

Reprinted with permission from Ref. [6]. Copyright 2018 John Wiley and Sons
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achieved with >99% selectivity (Table 29.2, entry 1). In contrast, without the core–
shell structure, Pd/LZU1 and Pd/ TiATA can only deliver 42% and 83% conversion,
respectively (entries 2–3).

BesidesMOFandCOFas the shells, other inorganicmaterialswere also employed
as shells. For example, Kaneda reported a core–shell structure nanocomposite
catalyst for the reduction of unsaturated aldehydes with high chemoselectivity [7].

29.3 Oxidation Reactions

Oxidation reaction represents another important type of transformation in organic
synthesis. Shen and Li developed a yolk–shell Co@C-N nanoreactor as a highly
efficient and recyclable catalyst for the oxidation of alcohols to carbonyls (Fig. 29.6)
[8]. The traditional Co nanoparticles suffer from serious aggregation during the
catalytic process which led to reduced surface area and thus catalyst performance. In
contrast, the yolk–shell structure could overcome the problem. The hollowyolk–shell
structure offered a higher surface area even better than solid core–shell Co@C-N.

This unique yolk–shell Co-C-N nanoreactor displayed excellent catalytic activity
in aerobic oxidation of alcohols. The reaction proceeded smoothly in water
without base. Air was used as the oxidant. This protocol can be compatible with
various functional groups to produce diverse functionalized ketones and aldehydes
(Fig. 29.7).

In 2019, Li reported a hydrophobic MOFs@COFs core–shell structure for the
oxidation of styrene with high selectivity [9]. The heterogeneous composites were
fabricated by employing MOFs NH2-MIL-101(Fe) as the core and COFs NUT-
COF-1(NTU) as the shell via a covalent linking process (Fig. 29.8). The NH2-MIL-
101(Fe)@NTU composite showed a large enhanced catalytic conversion and good
selectivity toward aldehyde products. This MOFs@COFs structure could create a
hydrophobic environment, which is favor for enriching the hydrophobic substrate
styrene.

The styrene oxidizing reaction was performed in the mixture of acetonitrile
and TBHP with styrene and catalyst at 80 °C (Fig. 29.9). Without a shell, MOFs
NH2-MIL-101(Fe) delivered a very limited selectivity by forming a mixture of

Fig. 29.6 Preparation of the yolk–shell Co@C-N. Reprinted with permission from Ref. [8].
Copyright 2018 American Chemical Society
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Fig. 29.7 Oxidation reaction byCo@C-N-800. Reprintedwith permission fromRef. [8]. Copyright
2018 American Chemical Society

Fig. 29.8 Fabrication of NH2-MIL-101(Fe)@NTU-COF. Reprinted with permission fromRef. [9].
Copyright 2019 John Wiley and Sons



486 H. Huang et al.

0

20

40

60

80

100

NH2-MIL-101(Fe) MIL@NTU-1 MIL@NTU-2 MIL@NTU-3 NTU-COF

Co
nv

. &
 S

el
. (

%
) 

Conversion Selec vity

Fig. 29.9 Styrene oxidation reaction with different catalysts. Reprinted with permission from Ref.
[9]. Copyright 2019 John Wiley and Sons

benzaldehyde and styrene oxide. However, the core–shell catalyst machinery offered
a significant enhanced selectivity.

29.4 Cross-Coupling Reactions

Suzuki cross-coupling reaction is one of the most widely used reactions in synthesis
in both academic and industrial sectors, especially in many pharmaceutical indus-
tries, demanded by large various drugs and biologically active materials. In 2018,
Bian reported magnetic hierarchical core–shell structured Fe3O4@PDA-Pd@MOF
nanocomposites for catalyzing Suzuki coupling reaction [10]. This catalyst showed
great activity and functional group tolerance. Magnetic separation of the catalyst
from the reaction solution offered another advantage of this structure.

Two years later Liu reported a series of nanoreactors, including core–shell (CS),
yolk–shell (YS), hollow (HS), and multilayer yolk–shell structures (AYS and DYS)
[11]. By adjusting reaction–diffusion process, these structures could be produced in
various controlled size (Fig. 29.10).

The COF shells in those core–shell and yolk–shell structures offered a significant
size selectivity. For example, A3+B3 COF shells have small pore size ranging from
1.1 to 1.5 nm,which only allowed reactants <1.5 nm to diffuse into the reaction vessel.
For example, the coupling reaction between phenylboronic acid and iodobenzene
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Fig. 29.10 COF morphology design. Reprinted with permission from Ref. [11]. Copyright 2020
Elsevier

occurred smoothly in 99%yield. Comparingwith iodobenzenewith a size of 0.67 nm,
1,3,5-tris(4-iodophenyl)benzene has a larger size of 1.7 nm. Notably, under the same
coupling reaction conditions (in the presence of the same catalyst), no conversionwas
observed. In a control experiment, Pd@core with no COF shells was also applied
in those two reactions. Both of those coupling reactions happened with 99% and
58% yields, respectively. This result confirmed the size selectivity of the COF shells
structures offered (Fig. 29.11).

Besides the size selectivity, another advantage of those catalysts endowed was
the high stability for repetitive use. After five cycling runs, Pd@core–shell and
Pd@yolk–shell catalyst could still be highly effective while Pd@core exhibited a
decrease in catalytic activity (Fig. 29.12).

Cross-dehydrogenative coupling (CDC) is a powerful approach for C–C bond
formation. Han and Chen developed a nanocatalyst for promoting CDC of tetrahy-
droisoquinolinewith indole (Fig. 29.13). The catalyst is prepared by in situ anchoring
of Cu2O nanoparticles on an N-doped porous C yolk−shell cuboctahedral (CNPC)
framework. This CNPCnanoparticles showed excellent photocatalytic efficiency and
great stability for the photocatalytic CDC reaction to produce functionalized indole.
Without the yolk–shell structure, Cu2O could only give very low yields. What is
more, the CNPC nanoparticles could be reused for five times without significant loss
of photocatalytic efficiency [12].
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Fig. 29.11 Size-selective controlled cross-coupling reactions. Reprintedwith permission fromRef.
[11]. Copyright 2020 Elsevier
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Fig. 29.12 Cyclic catalysis performances. Reprinted with permission from Ref. [11]. Copyright
2020 Elsevier

Fig. 29.13 Cross-dehydrogenative coupling catalyzed by yolk–shell catalysts. Reprinted with
permission from Ref. [12]. Copyright 2018 American Chemical Society
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29.5 Cascade Reactions

A cascade reaction or domino reaction is a powerful manifold for facile construction
of complex molecular architectures, powered by the capacity of at least two consec-
utive reactions occurring in one operation. Therefore, the features of high atom and
step economy and reduction of waste generated have made the strategy particularly
appealing in modern synthesis.

Li andTang reported a core–shell Pd nanoparticles@MOFasmultifunctional cata-
lyst forKnoevenagel condensation–reduction cascade reaction [13]. Pd nanoparticles
core was encapsulated by amine-functionalized IRMOF-3 shell (Fig. 29.14a). The
base-transition metal bifunctional catalyst could be used to catalyze Knoevenagel
condensation reaction of 4-nitrobenzaldehyde and malononitrile and subsequent
reduction of –NO2 group in one-pot operation (Fig. 29.14b).

Recently, a template-assisted protocol by incorporating small molecular catalysts
into the hollow porous capsule was reported by Jiang [14]. The soluble yolk has a
homogeneous environment while the outside shell possesses many properties of a
heterogeneous catalyst, such as selective permeability, substrate enrichment, and size
selectivity. Therefore, the yolk–shell MOF capsule offered the catalytic properties
of both homogeneous and heterogeneous catalysts.

As a showcase of the size-selective heterogeneous catalysis, metalloporphyrin
(e.g., co-centered porphyrin, co-TCPP) was prepared. It was encapsulated into H-
LDH@ZIF-8 to produce yolk–shell Co-TCPP@H-LDH@ZIF-8. The nanocatalyst
was the effective promoter for the carbonylation of epoxides with CO2 (Fig. 29.15). It
gave a highest conversion (up to 94%) and size selectivity (up to 99%) toward small-
sized epoxides compared to Co-TCPP and Co-TCPP in situ embedded in ZIF-8
(Co-TCPP@ZIF-8).

Moreover, an oxidation-Knoevenagel condensation cascade reactionwas success-
fully demonstrated by the yolk–shell catalytic system. An amine-functionalized
porphyrin (TAPP)was encapsulated inH-LDH@ZIF-8 to formyolk–shell TAPP@H-
LDH@MOF-74. The MOF shell served as the catalyst for oxidation and the TAPP

Fig. 29.14 Amine-functionalized IRMOF-3 shell for Knoevenagel condensation reduction
cascade. Reprinted with permission from Ref. [13]. Copyright 2014 American Chemical Society
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Fig. 29.15 Size selectivity.
Reprinted with permission
from Ref. [14]. Copyright
2019 Oxford University
Press

0

20

40

60

80

100

epibromohydrin styrene oxide glycidyl phenyl
ether

Co
nv

er
sio

n 
(%

) 

Co-TCPP Co-TCPP@H-LDH@ZIF-8

yolk promoted the Knoevenagel condensation. This cascade process efficiently
delivered an α,β-unsaturated substance using benzyl alcohol as substrate. Notably,
TAPP@H-LDH@MOF-74 catalyst exhibited higher activity than the homogeneous
catalyst TAPP (Fig. 29.16).
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Fig. 29.16 An oxidation-Knoevenagel condensation cascade reaction. Reprinted with permission
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29.6 Conclusion

In summary, this chapter summarizes the recent development of core–shell or yolk–
shell structured catalysts for organic transformations including reduction, oxida-
tion, cross-coupling, and cascade reactions. These nanocatalysts offer the merits of
reducing agglomeration while enhancing the catalyst performance in terms of size
and chemoselectivity and catalyst stability and robustness for recycling and reuse.
It is recognized that still a very limited number of reactions have been explored by
the nanocatalytic machinery. Furthermore, enantioselective processes have not been
developed with the strategy. Therefore, the field holds great potential for developing
new and practically useful reactions, which may be difficult or impossible to achieve
by homogenous and other heterogeneous catalytic systems.

Acknowledgements Financial support for this work provided by the NIH (5R01GM125920-04)
is gratefully acknowledged.

References

1. Zhao M, Yuan K, Wang Y et al (2016) Metal–organic frameworks as selectivity regulators for
hydrogenation reactions. Nature 539:76–80

2. Yang Q, Xu Q, Yu S-H, Jiang H-L (2016) Pd nanocubes@ZIF-8: integration of plasmon-driven
photothermal conversion with a metal-organic framework for efficient and selective catalysis.
Angew Chem Int Ed 55:3685–3689

3. Li B, Ma J-G, Cheng P (2018) Silica-protection-assisted encapsulation of Cu2O nanocubes
into a metal-organic framework (ZIF-8) to provide a composite catalyst. Angew Chem Int Ed
57:6834–6837

4. Hu Y, Tao K, Wu C et al (2013) Size-controlled synthesis of highly stable and active pd@SiO2
core–shell nanocatalysts for hydrogenation of nitrobenzene. J Phys Chem C 117:8974–8982

5. Sangili A, Annalakshmi M, Chen S-M et al (2019) Synthesis of silver nanoparticles decorated
on core-shell structured tannic acid-coated iron oxide nanospheres for excellent electrochemical
detection and efficient catalytic reduction of hazardous 4-nitrophenol. Compos B Eng 162:33–
42

6. Sun D, Jang S, Yim S-J et al (2018) Metal doped core-shell metal-organic frame-
works@covalent organic frameworks (MOFs@COFs) hybrids as a novel photocatalytic
platform. Adv Funct Mater 28:1707110

7. Mitsudome T, Matoba M, Mizugaki T et al (2013) Core-shell AgNP@CeO2 nanocomposite
catalyst for highly chemoselective reductions of unsaturated aldehydes. Chem Eur J 19:5255–
5258

8. Chen H, Shen K, Mao Q et al (2018) Nanoreactor of MOF-derived yolk–shell Co@C–N:
precisely controllable structure and enhanced catalytic activity. ACS Catal 8:1417–1426

9. CaiM, Li Y, Liu Q et al (2019) One-step construction of hydrophobicMOFs@COFs core–shell
composites for heterogeneous selective catalysis. Adv Sci 6:1802365

10. Ma R, Yang P, Ma Y, Bian F (2018) Facile synthesis of magnetic hierarchical core-shell struc-
tured Fe3O4@PDA-Pd@MOF nanocomposites: highly integrated multifunctional catalysts.
ChemCatChem 10:1446–1454

11. Wang S, Yang Y, Liu P et al (2020) Core-shell and yolk-shell covalent organic framework
nanostructures with size-selective permeability. Cell Rep Phys Sci 1:100062



492 H. Huang et al.

12. Han X, He X, Sun L et al (2018) Increasing effectiveness of photogenerated carriers by in situ
anchoring of Cu2O nanoparticles on a nitrogen-doped porous carbon yolk–shell cuboctahedral
framework. ACS Catal 8:3348–3356

13. Zhao M, Deng K, He L et al (2014) Core–shell palladium nanoparticle@metal–organic
frameworks asmultifunctional catalysts for cascade reactions. J AmChemSoc 136:1738–1741

14. Cai G, Ding M, Wu Q, Jiang H-L (2020) Encapsulating soluble active species into hollow
crystalline porous capsules beyond integration of homogeneous and heterogeneous catalysis.
Natl Sci Rev 7:37–45



Chapter 30
Yolk-Shell Nanostructures: Charge
Transfer and Photocatalysis

Yi-An Chen, Yu-Ting Wang, and Yung-Jung Hsu

30.1 Introduction

Due to the excessive consumption of finite fossil fuels today, the development of
alternatively sustainable energy sources has become an urgent problem. Among
renewable sources, solar energy attracts much attention. Taken from the sun, solar
energy is a nearly inexhaustible source of energy, while photocatalysts provide a
route to transform solar energy into chemical energy. Such a potential solution has
prompted many researchers to devote time into further investigation. At present,
hydrogen and hydrocarbons are considered as the most promising solar fuels, which
are produced from photocatalyst-induced water splitting and carbon dioxide reduc-
tion; no matter how the energy is generated, the products after use are all clean
and eco-friendly. In addition, with the booming economy, wastewater treatment in
industries and farms has also received much attention. Photocatalysts are used to
decompose organic pollutants in water such as antibiotics [1–5], bacteria [6, 7], dyes
[8], and other organic compounds hazardous to the environment. Moreover, many
high value-added organic compounds can be synthesized by photocatalytic reactions,
which can refrain from the high cost incurred through traditionalmanufacture [9, 10].

When one irradiates photocatalysts with a light source with appropriate energy,
electronswill be excited to the conductionband (CB) leavingholes at the valanceband
(VB). A fraction of the electron-hole pairs will be consumed through recombination,
and the remaining electrons and holeswill transfer to the catalyst’s surface. After that,
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electrons and holes undergo reduction and oxidation reactions respectively. However,
the most serious bottleneck is the high probability of electron-hole recombination,
which results in only a few carriers actually participating in the reaction. In addition,
poor light absorption efficiency also leads to a low solar energy conversion rate. To
conquer these obstacles, a great deal of photocatalysts with heterostructures have
been proposed in which charge separation can be easily achieved via a difference
in band structure, for example, at metal-semiconductor [11], type-II semiconductor
[12], p-n semiconductor [13], and Z-scheme semiconductor interfaces [14].

The yolk-shell nanostructure consists of a yolk, hollow space, and a permeable
shell, and the number of yolks and shells can be single or multiple. The fascinating
features of this structure include a confined space, which can facilitate the diffusion
of reacting species, abundant active sites for driving chemical reactions, which are
offered by both the inner and outer surfaces, and multi-reflection of light inside the
void space, which improves the efficiency of light absorption [15, 16]. As stated
above, the overall catalytic performance can be effectively promoted. In addition,
due to the distinct band structure between yolk and shell, photoexcited charges can
be efficiently separated and can carry out the catalytic reaction, respectively [17,
18]. In this chapter, we mainly focus on synthetic methods for fabricating yolk-
shell nanostructures, including the Kirkendall effect, Galvanic replacement, Ostwald
ripening, chemical etching, and thermal treatmentmethods.Moreover, photocatalytic
applications with yolk-shell nanostructures such as dye degradation, decomposition
of toxins, carbon dioxide reduction, water splitting, and fine chemical synthesis are
also reported. A future outlook for the advancement of the fieldwill also be discussed.

30.2 Synthetic Approach

As the yolk-shell nanostructure has received considerable attention,many researchers
have devoted effort into developing the fabrication methods for this amazing hollow
structure.Up tonow, awidevariety of chemical compositions in the formofyolk-shell
nanostructures have been successfully fabricated. The different synthetic systems
can be roughly divided into five approaches: (1) Kirkendall effect, in which the void
space is formed via the difference between the diffusion rate of various kinds of ions
[19]. This method is widely used in the synthesis of metal-semiconductor yolk-shell
heterostructures, for example, FePt-CoS2 [20], Ag-Fe2O3 [21]; (2) Galvanic replace-
ment, for which the underlying principle for the formation of a yolk-shell structure is
also due to a diversity in diffusion rate, but the driving force for ion exchange is the
redox potential difference between ions; the cases include Au-AuAg [22], Au/PdAg
[23], Ni-SnO2/Ni3Sn2 [24]; (3) Ostwald ripening refers to a process involving disso-
lution and re-deposition of smaller colloidal particles onto larger colloidal particles,
and this mechanism is also often adopted to synthesize yolk-shell heterostructures,
such as Au-TiO2 [25], CoSe2-(NiCo)Se2 [26], Pt-CeO2 [27]; (4) Chemical etching
is a relatively intuitive preparation method, which involves coating a layer of sacrifi-
cial template between the core and shell, and then performing selective etching. As a
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result, hollow space or void is created between the core and shell.With thismethod, as
long as the shells can be successfully grown onto the template, complex compositions
can be achieved, for instance, Fe3O4-CdS [28], ZnFe2O4-reduced graphene oxide-
TiO2 [29]. Moreover, even multi-shell structures can also be simply produced, for
example, TiO2-TiO2-TiO2 [30], Si-C-C [31], and SiO2-SiO2-SiO2 [32]; (5) Thermal
treatment can be used to generate a hollow space through volatilization or oxidation
of chemicals in solution, and most of them are manufactured via pyrolysis (e.g.,
Co-C-Co9S8 [33], MnFe2O4-SnO2 [34]) or calcination (e.g., C-TiO2 [35], Pd-In2O3

[36]), which are quite suitable for large-scale production.

30.3 Photocatalytic Applications

30.3.1 Dye Degradation

In the past ten years, environmental scientists from various countries have conducted
a large number of studies for conducting dye degradation by using semiconductor
photocatalysts. From the research results and current situation, such amethod is effec-
tive for treating dyeingwastewater, which ismainly due to the strong oxidizing ability
of photocatalytic oxidation that can completely oxidize anddecomposeorganic pollu-
tants. Additionally, the photocatalytic reaction mechanism for dye degradation is
a relatively simple dynamic system that can achieve the effect of environmental
cleanliness.

Many different types of yolk-shell nanostructures have demonstrated remarkable
photocatalytic dye degradation, which include C@TiO2 [37], SiO2-void-Ag/TiO2

[38], MnFe2O4-SnO2 [34]. J.-B. Joo et al. reported the successful synthesis of
C@TiO2 yolk-shell nanostructures by thermal treatment [37]. The structures were
composed of a conducting carbon core and a photoactive TiO2 shell. The resultant
C@TiO2 particles displayed favorable properties, e.g., the presence of conducting
carbon in the void space, good microstructural integrity, regular size distribution,
and mesoporous shell with great crystallinity and controlled crystal phase. The yolk-
shell particles were prepared by consecutively depositing an amorphous TiO2 and a
SiO2 protecting layer on the surface of resin spheres. Further calcining in Ar condi-
tions at high temperatures can convert resin core into carbon core with smaller size,
accompanied by the crystallization of TiO2 shell. After removing SiO2 layer using
NaOH,C@TiO2 yolk-shell nanostructures canbeobtained. Further post-treatment by
means of acid-treatment and re-calcination can enhance the photocatalytic efficiency
of TiO2 shell as a result of the improved crystallinity [39, 40]. In this work, various re-
calcination temperatures (700, 750, 800 °C) were used to compare the performance
of different samples (C@TiO2-HCl-700, C@TiO2-HCl-750, C@TiO2-HCl-800).

As shown in Fig. 30.1a, dark carbon cores and porous TiO2 shells were evident
for the sample with post-treatment, indicating the successful formation of yolk-
shell nanostructures. The photocatalytic efficiency of the samples for rhodamine
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Fig. 30.1 a TEM image and
the sketch of C@TiO2
yolk-shell particles prepared
with post-treatment.
b Results of RhB
degradation on different
samples under UV
illumination. c Proposed
photocatalytic mechanism
for C@TiO2 toward RhB
degradation. Reprinted with
permission [37]. Copyright
2016, Elsevier

B (RhB) degradation under UV illumination, as measured by monitoring the peak
intensity at a wavelength of 554 nm vs. time, is compared in Fig. 30.1b. Prior to UV
illumination, the photocatalyst powder and RhB solution were mixed and stirred in
the dark for 30 min in order to assure that the adsorption of RhB onto the catalyst
surface was saturated. All the four C@TiO2 were found to display a better RhB
adsorption capacity (18–38% of RhB) compared to P25-TiO2 (6% of RhB). Due to
hydrophobicity and a microporous carbon core, the sample without post-treatment
(C@TiO2) showed the highest adsorption capacity. In a blank test without adding
photocatalyst, RhB was found to degrade by 4.5% after 30 min of UV radiation,
while in the presence of a catalyst, the degradation was significantly enhanced. The
photocatalytic activity of the samples for RhB degradation followed the sequence of
C@TiO2-HCl-750>C@TiO2-HCl-800>P25-TiO2 >C@TiO2-HCl-700>C@TiO2.
Upon acid-treatment and re-calcination operation, the photocatalytic efficiency of
C@TiO2 was greatly improved.

Figure 30.1c shows that underUV light irradiation, photogenerated charge carriers
are separated during the photocatalytic process. Electrons tend to transfer to the
conducting carbon core and holes stay on the TiO2 shell, thereby reducing the charge
carrier recombination and extending the carrier lifetime. The holes at the TiO2 shell
can oxidize water to produce hydroxyl radicals, which leads to the oxidative decom-
position of organic molecules. In addition, the conducting carbon core can act as an
electron acceptor, promoting charge separation efficiency for TiO2 to enhance the
overall photocatalytic performance.

30.3.2 Decomposition of Toxics

With the rapid development of modern industry, toxic substances become conse-
quential environmental pollutants at the globe scale. Owing to their extensive use
in daily life as sanitizers, valid solutions are demanded to dissipate such pollu-
tion from the environment. Hereinto, photocatalysis using semiconductor and solar
irradiation is regarded as an effective and environmental-friendly approach toward
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the decomposition of toxic substances. In particular for yolk-shell nanostructures
such as Bi-void-SnO2 [41], SnO2-LaFeO3 [42], NiFe2O4-C [43], many studies have
demonstrated notable photocatalytic activity for decomposition of toxics.

In the past few years, the typical colorless antibiotic, tetracycline (TC), has been
widely used in the treatment of human disease and animal husbandry [44, 45]. Exces-
sive usage of antibiotics, such as TC, has led to widespread water pollution and
affected the sustainable development of human society [46]. Recently, the use of two
different materials to construct the yolk-shell nanostructure has attracted widespread
attention in the photocatalytic decomposition of TC.

In a study by Wu et al. [41], Bi spheres were used as core to synthesize yolk-
shell Bi@void@SnO2 spheres with a chemical etching approach. The photocatalytic
performance was evaluated by using TC as a test toxic under visible light irradiation
(λ > 420 nm, light intensity = 300 W/cm2). During the photocatalytic degrada-
tion process, three different scavengers were employed to recognize the types of
the reactive species responsible for TC decomposition. The photocatalytic mecha-
nism was then studied. Figure 30.2a is the TEM image for Bi@void@SnO2 showing
the size of Bi core in a range from 50 nm to 200 nm. As shown in Fig. 30.2b, Bi
spheres show a noticeable activity with the TC decomposition amount of 16.33%,

Fig. 30.2 a TEM image of Bi@void@SnO2 spheres. b Results of TC degradation on different
samples under visible light illumination. c Proposed photocatalyticmechanism for Bi@void@SnO2
toward TC degradation. Reprinted with permission [41]. Copyright 2019, Springer Nature
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whereas SnO2 displays considerably low activity of TCdecomposition. Significantly,
Bi@void@SnO2 shows considerably high performance with the decomposition effi-
ciency reaching 81.81%. A photocatalytic mechanism for Bi@void@SnO2 for TC
decomposition is proposed in Fig. 30.2c. The electrons at theVB of SnO2 are excited,
which then migrate to the CB of SnO2; meanwhile, holes remain at the VB of
SnO2. Note that Bi spheres have surface plasmon resonance (SPR) property that
can generate hot electrons under visible light illumination [47]. Because the SPR
level of Bi is higher than the CB of SnO2, the hot electrons in Bi can be injected
into the CB of SnO2. Simultaneously, the potential at Bi is decreased rapidly, which
promotes the capture of electrons from the VB of SnO2 to restore the original state.
On the other hand, the electromagnetic field induced by the SPR of Bi reduces
charge carrier recombination in SnO2 [48], which can extend the carrier lifetime and
enhance the photocatalytic efficiency as well. The separated electrons may react with
the dissolved O2 to form ·O2

−, and such a reactive substance together with the holes
at the SnO2 surface can significantly decompose TC. Compared with pure SnO2, the
Bi@void@SnO2 has better photocatalytic efficiency due to a higher specific surface
area and more pronounced charge separation caused by the SPR effect of Bi [48].

30.3.3 Carbon Dioxide Reduction

As human society becomes more prosperous, a large amount of carbon dioxide
is produced by modern society in transportation, electricity generation, industrial
manufacture, and other activities, which can lead to the greenhouse effect and global
warming. To alleviate this phenomenon, many scientists have devoted research into
the topic of carbon dioxide reduction using photocatalysts [49, 50]. The feature of
this reaction is the employment of carbon dioxide as feedstock to obtain other carbon
materials, including CH4, C2H6, and CH3OH, which can also be used as fuel. The
ultimate goal of carbon dioxide reduction is to mimic natural photosynthesis and
simultaneously balance the global carbon dioxide footprint. Many different yolk-
shell nanostructures have demonstrated remarkable photocatalytic carbon dioxide
reduction activity, which include Au-TiO2 [17], Ni-SiO2 [51], and Au-Cu2O [52].

Oneof the studies ofGuoet al. fabricated a yolk-shell structure,which is composed
of Au as core, and C3N4 decorated with SnS as shell [53]. The samples were prepared
by selective etching of a SiO2 sacrificial template between a Au core and C3N4 shell
with NH4HF2. Au@g-C3N4/SnS (41.2 wt% of SnS) nanospheres were prepared
with a uniform size distribution of approximately 100 nm, as shown in Fig. 30.3a.
Through the TEM observation, the successful synthesis of a yolk-shell structure was
further confirmed. As shown in Fig. 30.3b, the Au cores with a size of approximately
5 nm and a hollow space, which is generated via removal of SiO2, are apparently
observed; meanwhile, SnS nanosheets adhered onto the g-C3N4 shell may also be
easily recognized from theuneven appearance of the shell surface. Figure 30.3c shows
the result of carbon dioxide reduction under visible light irradiation (λ > 420 nm).
The prepared samples include Au@SnS, Au@g-C3N4, and Au@g-C3N4/SnS with
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Fig. 30.3 a SEM and b TEM images of Au@g-C3N4/SnS nanospheres. c Results of photocatalytic
carbon dioxide reduction on different samples upon 4 h of visible light illumination. d Proposed
photocatalytic mechanism for Au@g-C3N4/SnS toward carbon dioxide reduction. Reprinted with
permission [53]. Copyright 2018, American Chemical Society

varyingSnS content. ComparedwithAu@g-C3N4,Au@SnSdisplays aworse carbon
dioxide conversion efficiency despite larger surface area, stronger carbon dioxide
adsorption ability and higher visible light absorption. Moreover, no CH4 product
is observed and only a few CO and CH3OH are detected on Au-SnS. This can be
attributed to the unsuitable potential of the CB and fast carrier recombination in this
sample. For the different Au@g-C3N4/SnS, the optimal SnS content for maximizing
carbon dioxide reduction efficiency was determined to be 41.2 wt%, which gives rise
to the production of 3.8 μmol g−1 CH4, 5.3 μmol g−1 CH3OH and 17.1 μmol g−1

CO.
Figure 30.3d depicts a plausible photocatalytic mechanism for Au@g-C3N4/SnS

toward carbon dioxide reduction. In this heterojunction, if the movement of photoex-
cited carriers follows a type-II route, then the electrons can transfer to the CB of SnS.
Consequently, there would be no sign of CH4 production because the CB level of
SnS is too low to trigger carbon dioxide reduction. However, the results reveal that
the electrons in Au@g-C3N4/SnS can efficiently conduct carbon dioxide reduction.
This means that these electrons are mainly separated at the CB of g-C3N4, the level
of which is sufficiently high. Consequently, a Z-scheme pathway is proposed. Under
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visible light irradiation, both SnS and C3N4 will generate electron and hole pairs.
Here, Au serves as charge-transfer mediator, promoting the transportation of elec-
trons from the CB of SnS to the VB of g-C3N4, followed by the recombination with
holes. The electrons left at the CB of g-C3N4 and the holes left at the VB of SnS then
participate in carbon dioxide reduction and oxidation reaction, respectively.With this
Z-scheme mechanism as well as the advantages of the yolk-shell structure such as
large surface area and effective photon absorption, Au@g-C3N4/SnS demonstrates
the promotion of photocatalytic performance toward carbon dioxide reduction.

30.3.4 Hydrogen Production

Currently, how to efficiently convert solar energy to other energies, such as chemical
energy, is an important subject. From an environmental point of view, solar energy
is an important alternative energy source. To overcome the crisis of petrochem-
ical energy shortages, hydrogen is considered as a significant green energy source.
Ever since Fujishima and Honda first observed photocatalytic activity of TiO2 in
1972 [54], direct water splitting to produce hydrogen under light illumination has
been the Holy Grail of solar energy harvesting and conversion. Therefore, photocat-
alytic water splitting for hydrogen production has become a topic of much attention.
Many different yolk-shell nanostructures have demonstrated remarkable photocat-
alytic hydrogen production activity, which include Au-CdS [55], Au-TiO2 [56], and
CdS-SiO2 [57].

Compared to traditional core-shell structure [58], the void space between core and
shell in a yolk-shell system allows more interactions of core and shell components,
which can promote the resultant synergy. For instance, for yolk-shell Au-CdS system,
charge separation of CdS shell can be improved by the constantly contactingAu core,
thereby increasing the photocatalytic efficiency. In addition, the SPR of Au particles
can be used to enable hot electron injection [59], resonant energy transfer [60, 61],
and electromagnetic field intensification [62]. These features would increase photon
harvesting and thus carrier generation for CdS. Chiu et al. successfully synthesized
Au-CdS yolk-shell nanostructures and investigated the photocatalytic performance
toward hydrogen generation [55]. The samples were prepared by employing the
Kirkendall effect with two consecutive ion-exchange procedures. Briefly, the Au-
CdS yolk-shell sample is synthesized through consecutively ion-exchange processes
fromAu-Cu2O toAu-Cu7S4, andfinally toAu-CdS.By varying the amount ofAu, the
shell thickness of Cu2O of Au-Cu2O can be controlled, thereby generating different
void sizes for Au-CdS with the same shell thickness (11.5 ± 0.4 nm). Four Au-CdS
yolk-shell nanoparticles alongwith pure CdS hollow particles were prepared, and the
void size was determined to be 40.2± 3.3 nm, 47.3± 3.3 nm, 52.1± 3.3 nm, 82.7±
3.9 nm, and 64.0± 6.3 nm forAu-CdS-1, Au-CdS-2, Au-CdS-3, Au-CdS-4, and pure
CdS, respectively. Figure 30.4a shows the TEM image for Au-CdS-4. The hydrogen
production activity was estimated under visible light illumination (λ= 400–700 nm,
light intensity = 690 mW/cm2) by using Na2S/Na2SO3 as electrolyte. As shown in
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Fig. 30.4 a TEM image of Au-CdS-4 nanostructures. bResults of photocatalytic hydrogen produc-
tion on different samples under visible light illumination. c Proposed photocatalytic mechanism for
Au-CdS toward hydrogen production. Reprinted with permission [55]. Copyright 2019, Elsevier

Fig. 30.4b, the yolk-shell nanoparticles show better performance compared to pure
CdS and mixture of CdS and Au (CdS + Au), suggesting that the yolk-shell struc-
ture is important for increasing the photocatalytic efficiency.Among the fourAu-CdS
samples, Au-CdS-4 has the highest hydrogen generation performance. This can be
ascribed to the synergy of effective charge separation, the SPR effect, and improved
mass transport due to large void size. The photocatalytic hydrogen productionmecha-
nism for Au-CdS is further shown in Fig. 30.4c. The findings from this work illustrate
that the void size is a significant cause for optimizing the photocatalytic activity of
yolk-shell nanostructures toward hydrogen production.
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30.3.5 Oxygen Production

In comparison with hydrogen production, only a handful of photocatalysts show
effective oxygen production from water splitting. The reason why oxygen produc-
tion is more difficult is that water oxidation needs four equivalent holes at the
same time to generate an oxygen molecule. Conceptually, this is much more
complicated than reducing water to produce hydrogen, which requires two elec-
trons. Although oxygen is an important resource, the oxygen production reaction
is difficult to achieve. However, it can provide guidelines for photocatalytic system
optimization. Many different yolk-shell nanostructures have demonstrated remark-
able photocatalytic oxygen production activity, which include Fe2TiO5-TiO2 [63],
Pt@TiO2@In2O3@MnOx [64], Co3O4/g-C3N4/Pt [65], and Ta3N5/Pt [66].

TiO2 and α-Fe2O3 meet several basic requirements for oxygen production from
water splitting [67, 68]. The disadvantages of TiO2 are a large bandgap (~3.2 eV),
which can only harvest 4% of solar spectrum, and the fast charge recombination
induced by trap states [69]. The narrow bandgap (~2.1 eV) of α-Fe2O3 can enable
visible light absorption, which covers 46% of solar spectrum. Moreover, α-Fe2O3 is
abundant, nontoxic, and low-cost and is stable in aqueous solution [68]. However, due
to the rapid charge recombination, there is a large amount of energy loss due to the low
electrical conductivity of α-Fe2O3, which deteriorates the process of charge gener-
ation, transportation, collection, and injection [70, 71]. With a sufficiently anodic
VB level, TiO2 (EVB = +2.91 eV vs. NHE [72]) and α-Fe2O3 (EVB = +2.48 eV
vs. NHE [72]) meet the standards for efficient water oxidation. To further increase
oxygen production on α-Fe2O3 and TiO2, a heterojunction based on Ti–Fe-O struc-
tures has been constructed. Fe2TiO5 is an n-type semiconductor with a suitable
bandgap (~2.1 eV) for visible light absorption [73]. In addition, the band structure of
Fe2TiO5 matches well with that of TiO2 [74]. Therefore, by forming a heterostructure
between Fe2TiO5 and TiO2, the water oxidation performance can be improved.

In the work by M. Waqas et al., pristine Fe2TiO5, pristine TiO2, and Fe2TiO5-
TiO2 yolk-shell hollow spheres (FTYS-HS) were prepared to demonstrate oxygen
production under light illumination [63]. These samples were prepared through a
simple sacrificial hard template strategy. The benefits of the designed FTYS-HS
include the hollow cavity, porous shell, and the heterostructure interface. First, the
hollow cavity increases the surface area, so there is an increased number of active
sites ready for redox reactions. Second, the porous shell allows the reacting species
to access the minority carriers at the inner core, thereby effectively utilizing all of the
charge carriers. Finally, the multi-reflection of light inside the yolk-shell structure
increases the lifetime of incident photons. As shown in Fig. 30.5a, uniformly thick
FTYS-HS were obtained. Figure 30.5b compares the photocatalytic performance
of four relevant samples toward oxygen production under white light illumination
(light intensity = 300 W/cm2) by using AgNO3 as the electrolyte. The results show
that oxygen produced within the first 5 h is stable. At a prolonged time of 5.5 h,
needless reduction of Ag+ occurred to form Ag, thereby blocking light absorption to
decrease the activity. FTYS-HS shows a substantially higher oxygen evolution rate
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Fig. 30.5 a TEMof FTYS-HS. bResults of photocatalytic oxygen production on different samples
under white light illumination. c Proposed photocatalytic mechanism for FTYS-HS toward oxygen
production. Reprinted with permission [63]. Copyright 2017, Elsevier

compared to the rutile TiO2 hollow sphere (Rutile HS), P25 TiO2 (P25), and Fe2TiO5

hollow sphere (Fe2TiO5 HS). The better performance of FTYS-HS is attributed to the
enhanced charge separation at the Fe2TiO5/TiO2 heterojunction. Moreover, charge
carriers can transfer between the two systems because of the higher EVB and ECB of
Fe2TiO5 compared to TiO2. [75] The mechanism for oxygen production for FTYS-
HS is shown in Fig. 30.5c. The incident light can be harvested effectively due to the
multiple reflections in the yolk-shell structure, which can prolong the carrier lifetime.
Moreover, the heterojunction formed at the TiO2 hollow shell and Fe2TiO5 core can
separate the electrons and holes, allowing holes to participate in oxygen production
without rapid charge recombination.
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30.3.6 Fine Chemical Synthesis

Apart from the applications mentioned above, organic molecular conversion through
photocatalysts is a topic that attracts less attention. Traditionally, organic chemicals
are mostly manufactured under high temperature with an oxidation agent. Although
high selectivity and conversion can be achieved, this method is also expensive and
the reagents used during the reaction may be harmful to the environment. There-
fore, the use of photocatalysts to produce organic chemicals is desirable. A few
works have investigated organic chemical production by using photocatalysts [76–
78], producing the value-added products including aldehydes and biphenyls, which
are used in drugs, fragrances, and precursors for further applications. Many different
yolk-shell nanostructures have demonstrated remarkable photocatalytic fine chem-
ical synthesis, which include TiO2-TiO2 [79], Au-TiO2 [80], Fe3O4-nitrogen-doped
carbon [81], and WO3-WO3 [82].

Ouyang et al. successfully synthesized a TiO2-based yolk-shell structure and
further modified the shell through chemical etching and hydrogen treatment, creating
an advanced yolk-hydrogenated wrinkled shell TiO2 (Y@HWS-TiO2) for selective
benzyl alcohol oxidation [83]. First, the yolk-shell TiO2 (Y@S-TiO2) was prepared
via a solvothermal process; then, the sample was partially etched and hydrogen-
treated to produce Y@HWS-TiO2, which is composed of an inner TiO2 core and
a hydrogenated wrinkled outer TiO2 shell. It is worth mentioning that Ti3+ species
and oxygen vacancies are introduced after hydrogen treatment, both of which are
beneficial for visible light absorption and charge separation [84–86]. The yolk-shell
structure of Y@S-TiO2 and Y@HWS-TiO2 are revealed by the TEM images shown
in Fig. 30.6a, b. In addition, a distinct surface roughness can be observed inY@HWS-
TiO2, confirming that a wrinkled shell is indeed created by chemical etching. The
photocatalytic properties of Y@HWS-TiO2 for the selective oxidation of benzyl
alcohol were evaluated under both UV and visible illumination. The results obtained
are compared in Fig. 30.6c. Under UV irradiation, all the samples including the
commercial P25 TiO2 (C-TiO2), Y@S-TiO2, yolk-wrinkled shell TiO2 (Y@WS-
TiO2) and Y@HWS-TiO2 demonstrate vital activity for benzyl alcohol oxidation.
However, under visible light illumination, only Y@HWS-TiO2 exhibits noticeable
photocatalytic activity. Figure 30.6d illustrates the advantages of the yolk-shell struc-
ture: (1)Hollow spacemay inducemultiple reflections and scattering of incident light,
rendering light absorption to be more effective; (2) Organic substances including
alcohol (blue spots) and aldehyde (red spots) can be confined between the core and
shell, which may also facilitate benzyl alcohol oxidation activity. The band structure
of Y@HWS-TiO2 shows sublevel states created by the introduction of Ti3+ species,
which results in a decrease in the TiO2 bandgap to allow for visible light absorption.
Therefore, under visible light irradiation, the electrons at the hydrogenated wrin-
kled shell will be excited to the sublevel and then take part in oxygen reduction to
produce ·O2

− radicals. On the other hand, free ·OH radicals may be created by the
holes left behind in the VB. Both of these two reactive species can greatly improve
the photocatalytic alcohol oxidation capability.
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Fig. 30.6 TEM images of a Y@S-TiO2, b Y@HWS-TiO2. c Results of photocatalytic selec-
tive benzyl alcohol oxidation on different samples under UV (blue bars) and visible light (yellow
bars) illumination. d Proposed photocatalytic mechanism for Y@HWS-TiO2 toward benzyl alcohol
oxidation. Reprinted with permission [83]. Copyright 2018, The Royal Society of Chemistry
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Suzuki-Miyaura coupling is a cross-coupling reaction that was first published in
1979 by Akira Suzuki [87]. By adopting Pd as catalyst, a punch of organics can be
synthesized for C-C bond formation in aqueous solution through this reaction, such
as styrenes and biphenyls. At present, various palladium hybrid photocatalysts are
also used to carry out the coupling reaction of organics [88–90]. With the effort of
researchers, even Pd-free photocatalysts are capable of exhibiting Suzuki-Miyaura
coupling [91]. Rohani et al. designed a novel yolk-shell architecture composed of a
hydrogenated urchin-like TiO2 shell and a TiO2 yolk with Au-Pd core-shell particles
decorated onto the shells (HUY@S-TOH/AuPd) [92]. This study investigated the
photocatalytic activity for the famous Suzuki–Miyaura coupling. The TiO2 yolk-
shell structure was first prepared with a solvothermal method. Next, a hierarchical
urchin-like shell was created by a dissolution-recrystallization process, followed by
hydrogen treatment, which also introduced Ti3+ species. Finally, Au/Pd core/shell
nanoparticles were attached onto the surface to produce HUY@S-TOH/AuPd. From
the TEM images shown in Fig. 30.7a, b, the solid cores and hierarchical urchin-like
shell of HUY@S-TOH/AuPd can be observed. The 5 nm-sized Au/Pd nanoparti-
cles were also obviously decorated onto the surface of the shell. The photocatalytic
activity was evaluated for the coupling reaction of 4-iodotoluene and phenylboronic
acid under visible light illumination. The expected products are biphenyls and the
results are displayed in Fig. 30.7c. Compared with the relevant samples, HUY@S-
TOH/AuPd exhibits the highest yields for biphenyls. P25 TiO2 does not display any
activity and the need to employ Au/Pd nanoparticles was confirmed by the observed
significant increasedyield fromP25/AuPd.Moreover, owing to the larger surface area
and improved photon harvesting from yolk-shell structure, Y@S-TO/AuPd demon-
strates more efficient photocatalytic activity compared to P25/AuPd. The superior
activity for HUY@S-TOH/AuPd over Y@S-TO/AuPd is mainly associated with
the presence of Ti3+, which renders TiO2 the capability to absorb visible light.
Figure 30.7d further reveals the possible photocatalytic mechanism for HUY@S-
TOH/AuPd for Suzuki-Miyaura coupling. Hydrogenated TiO2 can harvest visible
photons to generate photoexcited charge carriers. The electrons may move onto
Au/Pd. On the other hand, hot electrons can also be induced on account of the SPR
of Au, which are subsequently injected into Pd to promote the activation of the
C−X bond of aryl halides [93]. Furthermore, the holes can oxidize the protic organic
solvent or cleave the C−B bonds of phenylboronic acid, which may further react
with activated aryl halides by reductive elimination.

30.4 Outlook

In this chapter, a concise introduction to the five different methods used for the
preparation of yolk-shell nanostructures is provided. The underlying mechanism
for Kirkendall effect and galvanic replacement is based on a difference in the ion
diffusion rate and redox potential, respectively. Ostwald ripening can be used to
generate hollow structures through dissolution and re-deposition of nanoparticles.
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Fig. 30.7 a, b TEM images of HUY@S-TOH/AuPd. c Results of photocatalytic Suzuki-Miyaura
coupling reaction on different samples under visible light illumination. d Proposed photocatalytic
mechanism for HUY@S-TOH/AuPd toward the Suzuki-Miyaura coupling reaction. Reprinted with
permission [92]. Copyright 2019, The Royal Society of Chemistry



508 Y.-A. Chen et al.

Chemical etching and thermal treatmentmethods employ sacrificial template removal
and chemical volatilization to create void structures. The yolk-shell structure has the
advantage of a high reaction surface area, so it has a greater advantage comparedwith
other nanostructure paradigms such as core-shell structures. In addition, the separated
electrons and holes at the yolk and shell are both accessible by reactive species,
allowing for the concurrent occurrence of reduction and oxidation reactions, which
is particularly significant for overall water splitting and artificial photosynthesis.
Although the photocatalytic use of yolk-shell structure has been well developed, it
faces the problem of an ambiguous charge-transfer mechanism as a result of the
movable yolk. Unlike the stationary core in core-shell structures, the yolk materials
in a yolk-shell structure are constantly moving during the photocatalytic process.
This can complicate the charge carrier transfer and separation behavior. How to
intuitively monitor the charge-transfer dynamics of a yolk-shell structure to allow
for the understanding of a realistic charge-transfer mechanism is the future direction
of this field.
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Chapter 31
Yolk–Shell Materials for Photo
and Electrocatalysis

Yulin Min

31.1 Introduction

31.1.1 Introduction to the Core–Shell Structure

In recent years, with the development of nanomaterial synthesis technology, the
design of specific morphological structures through physical or chemical means is
crucial for conversion into particular functions. At the same time, multi-component
nanocatalysts not only have a more complex structure and composition than single-
component materials in the field of catalysis but also have new characteristics that
single-component materials lack. As the simplest model in the two-component
system, the core–shell structures with ordered assembly have become one of the
most promising materials in the field of catalysis.

The core–shell nanoparticles are a type of materials that encapsulate the inner
“guest” particles of one component in one or more outer shells of another element
through a specific interaction force, usually expressed as core@shell. The synergy
between multiple ingredients can make them exert the effect of “1 + 1 > 2.” When
the core is used as the active center, the unique geometry can improve the reactivity,
thermal stability, or oxidation stability of the core. The cheaper cores can also support
more expensive thin shells to reduce the synthesis cost of composite materials. The
broad definition of a core–shell structure also includes elements such as hollow
spheres and microcapsules. In addition to the field of catalysis, core–shell structural
materials that are easy to design are also commonly used in biology, sensors, and
other areas.
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31.1.1.1 Classification of the Core–Shell Structure

The core–shell nanomaterials are classified from the perspectives of composition and
morphology.

Composition

According to the composition of core–shell nanomaterials, it can be roughly
divided into inorganic–inorganic materials, organic–organic materials, and inor-
ganic–organic materials [1].

(1) Inorganic–inorganic core–shell structured materials: They are the most widely
studied materials, usually with nanoparticles such as metals, metal oxides,
metal sulfides as cores, and metals and metal oxides as shells. Guo et al. [2]
combined the template method and two-step hydrothermal method to prepare
the hollow cubic Co3S4@MoS2 heterostructure. Due to the strong interfacial
coupling between the twophases, it can be assembled into a two-electrode setup
in an alkaline environment, which is an excellentwater splitting electrocatalyst.

(2) Organic–organic core–shell structure materials: They are mainly polymers
composed of three-dimensional network structured polymer materials or other
carbon-containingmaterials.Wanget al. [3] treated twoMOFmaterials through
hydrothermal and carbonization: ZIF-8 and ZIF-67. Nitrogen-doped carbon
(NC, carbonized from ZIF-8) and high graphitic carbon (GC, carbonized from
ZIF-67) (NC@GC) were obtained. The core–shell catalysts combined the
advantages of the two materials. It can exhibit high activity in both elec-
trocatalytic oxygen reduction and oxygen evolution reactions due to high
conductivity and stability.

(3) Inorganic–organic core–shell structured materials: It usually uses metal or
metal oxide as the core and covers the surface by the polymer shell stably by
electrostatic or chemical action. Li et al. [4] synthesized the core–shell struc-
tured upconversion nanoparticles (UCNPs)-Pt@MOF using the layer-by-layer
growth method. Then they prepared the (UCNPs)-Pt@MOF/Au photocatalyst
by microwave synthesis method loading plasma gold nanoparticles. Through a
series of light absorption and emission cycles of MOF, gold nanoparticles, and
UCNPs-Pt, the broadband spectral response of the catalyst from the ultraviolet
to the near-infrared (NIR) region was realized, and the excellent photocatalytic
hydrogen production activity was achieved.

Morphology

Depending on the shape of the core–shell structured nanomaterials, it can be divided
into core–shell structure, and yolk–shell structure, hollow structure, and sandwich
structure (Fig. 31.1).
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Fig. 31.1 Classification of core–shell structures according to morphology. a Core–shell structure:
a structure with continuity between core and shell; b Yolk–shell structure: similar to the structure of
egg yolk and eggshell, expressed as the core@void@shell. The sacrificial layer is often removed by
selective etching to create a void, which will be discussed in detail in the second section; c Hollow
structure: a special case of yolk–shell structures with the same formation mechanism, which can
be synthesized by template induction method, self-assembly method, microemulsion method, etc.;
d Sandwich structure: the active component core is embedded between the same or different shell
materials. The core and the two carriers cooperate to catalyze. The shell is often deposited on the
core by the sol–gel method, hydrothermal method, etc

31.1.1.2 Mechanism of the Core–Shell Synergy

It is very important to have stable and highly dispersed cores for the core–shell
structure catalysts. The key point is to minimize interfacial tension [5]. After ligand
exchange on the surface of the inner core, a wetting layer is formed with the shell.
Therefore, the core nanoparticles are often modified with suitable ligands or shells
such as surfactants, amphiphilic block copolymers, etc. with specific linking groups.

31.1.1.3 Advantages of the Core–Shell Structure in the Catalytic
Process

(1) The most noticeable feature of the core–shell structure is the protective effect
of the outer shell. Due to the high surface energy of nanoparticles, the particles
tend to be in a small specific surface state with low energy under the action of
surface tension. They are accessible to agglomerate/sinter to reduce the specific
surface area and lose active sites. In this case, the outer shell of the core–shell
structure acts as a physical barrier to improve the stability of the composite
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material. For shells with low thermal stability, it is also an excellent method to
coat mesoporous silica to enhance sintering resistance.

(2) Integrated multi-component functions. In materials with a clear structure, the
determination of the position of different components will greatly facilitate
the selectivity of the catalytic reaction. In the integrated catalyst system,
other specific functional components, such as photosensitizers, can also be
introduced to enhance the synergy between the components.

(3) For catalytic sites with multiple reactive activities, bifunctional catalysis can
sometimes be achieved through the optimization of materials. By adjusting the
size of components, the time difference of bifunctional catalysis can be reduced
as much as possible to avoid undesirable side effects reaction, enhance product
selectivity.

(4) Screen the reactants by adjusting the size of the shell holes to reduce side
reactions.

(5) The formation of core–shell heterostructures may be accompanied by lattice
strain,which changes the electronic properties of thematerial. Strain and ligand
effects change the center of the metal d-band, thereby changing the adsorption
capacity of the reactants and intermediates on the metal and other activity
indicators of the catalysts.

(6) The spherical core–shell structure can provide a maximized active interface in
bifunctional reactions or other reactions with inconsistent active sites. Due to
its stability, the structure can also be maintained well.

Re-optimizing the porosity and combining the advantages of (1), (3), (4), and (6)
can significantly improve the catalytic reaction activity, selectivity, and stability.

31.1.2 Introduction of the Yolk–Shell Structure

The yolk–shell structure is one of the subsets of the core–shell structure divided by
morphology. It is based on the synthesis of the core–shell structure and then intro-
duces voids through selective etching and other methods. Its structure is presented
as core@void@shell, which is composed of a hollow shell and a movable core.
The hollow shell is often used as a space-restricted nanoreactor. Under the effect of
space-limiting capacity and adjustable porosity, the integrated yolk–shell structure
nanoreactor has excellent catalytic performance and the utilization rate.

At the end of 2002, Kim et al. [6] used the mesoporous silica template to prepare
hollow spherical polymers and carbon capsules (Fig. 31.2a). For the first time, they
encapsulated gold nanoparticles and named the structure of this core encapsulated in
the cavity as “Nanorattles.” In the second year, Kamata et al. [7] synthesized a spher-
ical hollowcolloid of poly(benzylmethacrylate) (PBzMA)containing amovable gold
core and defined as “core–shell spherical colloids with movable cores” (Fig. 31.2b).
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Fig. 31.2 TEM imagines of a Au@HCMs: a polymer, b carbon capsules. Reproducedwith permis-
sion [6]. Copyright © 2002 American Chemical Society. b Au@PBzMAwith different aggregation
times: 3 h (a), 6 h (b). Reproduced with permission [7]. Copyright © 2003 American Chemical
Society

Until 2004, Yin et al. [8] synthesized Pt@CoO yolk–shell structure through a mech-
anism analogous to the Kirkendall effect. This is the first time to use the “yolk–shell
“ concept to describe this structure.

31.1.2.1 Classification of the Yolk–Shell Structure

According to the number of cores and shells, the structure of yolk–shell can be clas-
sified as six forms (Fig. 31.3) [9–14]: (1) single-core@single-shell; (2) multiple-
cores@single-shell; (3) void@single-shell; (4) single-core@multiple-shells; (5)
multiple-cores@multiple-shells; and (6) void@multiple-shells. Others are simply
divided into “spherical” and “non-spherical” based on whether the core–shell
material has a spherical structure.

The structure determines performance. When the yolk–shell structure is used for
photo/photoelectric catalysis, we summarize the following rules:

(1) The void space provides a wide space for light reflection and scattering in the
shell, so the larger the void, the more photon energy can be used.

(2) The thinner the shell thickness, the shorter the charge diffusion distance, and
the easier the charge migration.

(3) The presence of both internal and external surfaces leads to a relatively large
specific surface area, which enhances the surface reaction.
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Fig. 31.3 Classify the structure of yolk–shell according to the number of cores and shells:
a single-core@single-shell. Reproduced with permission [9]. Copyright © 2020 Elsevier Ltd;
b multiple-cores@single-shell. Reproduced with permission [10]. Copyright © 2020 Elsevier B.V;
c void@single-shell. Reproduced with permission [11]. Copyright © 2019 American Chemical
Society;d single-core@multiple-shells. Reproducedwith permission [12].Copyright©2011Amer-
ican Chemical Society; e multiple-cores@multiple-shells. Reproduced with permission [13]. Copy-
right © 2014, American Chemical Society; f void@multiple-shells. Reproduced with permission
[14]. Copyright © 2019, American Chemical Society

(4) The hollow structure is the basis of all yolk–shell structures. The large specific
surface area improves the contact between the catalyst and the reactants, which
is beneficial to the surface reaction. The cavity extends the light reflection path
and enhances light absorption.

(5) Multi-cores highly dispersed in the shell will increase the active site.
(6) Each void can reflect and scatter light for multiple shells to enhance light

capture and increase the generation of photogenerated charges, thereby
photo/photoelectric catalytic activity will improve.

(7) For the multi-core@multi-shell structure, the active center is enriched, and the
light scattering is enhanced. The generation of photogenerated charges and the
surface reaction work synergistically to improve the catalytic activity.

31.1.2.2 Advantages of the Yolk–Shell Structure

(1) The presence of cavities leads to a low density of materials.
(2) The existence of both the inner and outer surfaces of the shell leads to a high

specific surface area.
(3) The void space helps the movement of fluid reactants.
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(4) It can effectively isolate the catalytically active substances to improve the
stability of the catalysts.

(5) The selectivity of the catalysts can be improved by precisely controlling the
pore size on the shell.

31.1.3 The Similarities and Differences Between Core–Shell
and Yolk–Shell Structures

31.1.3.1 Differences

The yolk–shell structure is a kind of core–shell structure. The most essential differ-
ence is that the yolk–shell structure has a cavity for the core to move. However, how
did this cavity come about?

(1) The synthesis method of the twomaterials is different. The yolk–shell structure
can be obtained by removing the sacrificial layer on the core–shell structure.
This is the origin of the cavity.

(2) Therefore, the yolk–shell structure has the advantages of both the core–shell
structure and the hollow structure compared with the core–shell structure. It
has a low density and high specific surface area. This structure can be used
as a “nanoreactor“ to allow reactants to shuttle more freely and improve the
mass transfer rate and adsorption capacity. The reaction particles also increase
the probability of collision to improve the utilization of active sites. Therefore,
the catalytic activity will also increase. At the same time, light reflection and
diffraction can be enhanced in photo/photocatalysis to improve light utilization.

(3) In addition to adjusting the thickness of the shell, the yolk–shell structure can
also achieve a better catalytic effect by adjusting the size of the cavity. In 2019,
Chiu et al. [15] usedAu–Cu2Ocore–shell nanostructures as growth templates to
form Au–Cu7S4 yolk–shell nanostructures by sulfidation. Au–Cu7S4 was then
converted to Au–CdS by cation exchange. By changing the reagent volume,
the void size is changed. The study found that Au–CdS nanostructures with
larger voids have higher hydrogen decomposition and hydrogen production
performance.

(4) In summary, the field of application of the yolk–shell structure is also different
from the core–shell structure. In addition to thefield of catalysis, it also provides
a buffering space for the electroactive core material during lithium insertion
and extraction [16]. In biomedicine, the void in the yolk–shell structure is
also conducive to targeted drug/gene delivery, controlled release, bioimaging,
diagnosis, therapeutic agents, biosensors, antibacterial activity, etc.
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31.1.3.2 Similarities

(1) The core and shell have the same function: usually, the core is used as the active
site when the shell is used as the protective layer to improve the stability of the
catalysis.

(2) The means of characterizing the morphology are the same (mainly through
transmission electron microscopy).

31.2 Preparation

31.2.1 Template Method

The template method is generally used to prepare core–shell materials with a hollow
structure. The process usually refers to a three-step synthesis that the template mate-
rials are deposited into the pores or surface of the solid substances through physical
or chemical methods. The first step is the preparation of template nanomaterials with
controlled size and morphology, while the second step involves the incorporation of
the templates into hollow structures [17]. Thirdly, the templatematerials are removed
to yield void spaces. There are twomain ways to remove the template body of hollow
materials:

(1) Dissolution method: It is suitable for removing inorganic substances and
polymer cores, which can maintain the original shape of the particles.

(2) Calcination method: It is suitable for removing the polymer core, but it will
cause local structure collapse during calcination.

The size, morphology, and structure of the nanomaterials can be controlled easily
based on the spatial confinement of the template [18]. According to the attribute
diversities, the templates can be generally divided into soft template, hard template,
and self-template [19, 20].

31.2.1.1 Soft Template

Soft templating is a flexible, simple, and effective method, especially for the fabri-
cation of yolk–shell nanomaterials. Soft templates are surfactant and polymer with a
hydrophilic head and ahydrophobic chain [21], including surfactants (CTAB[22, 23],
PVP [24–26], MPN [27], SDS [28, 29], etc.), microemulsions [30–32], and vesicles
[33, 34]. Thesematerials can provide cavities in dynamic equilibrium, and substances
can diffuse in and out through the walls of the cavities. When the nuclear precursors
are uniformly dispersed in the soft-template mixture, the template agents react with
the precursors in the nanoscale interlayer gap or micropores under the action of non-
covalent bonds. Based on the spatial confinement, the precursors can be assembled
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regularly to form an encapsulation structure. The hydrolysis and condensation of
the core–shell nanoparticles then remove the hydrophobic chains and form voids
between the core and shell. Finally, the porous core–shell structure is obtained by
calcination.

For example, Lee et al. [35] synthesized the Sn@C of yolk–shell structure using
CTABas the soft template. Theprecursors of Sn andCwere adsorbedon the lipophilic
parts inside the micelle by CTAB micelles, and then the templates were removed by
calcination at 700 °C. Liu andQiao [36] described a kind of fluorocarbon surfactant to
prepare a series of yolk–shell nanoparticleswith different cores. Fluorocarbon surfac-
tants FC4 and F127 are adsorbed on the core through electrostatic interaction to form
a vesicle complex. Then ethyl orthosilicate was added and deposited on the surface
of the nuclear vesicle complex by vesicle template method. Besides, the orthosilicate
was polymerized by sol–gel reaction to form a silicate layer. The yolk–shell structure
was obtained through the shrinkage of the silicate shell and the maturation of TEOS
in the condensation and hydrolysis process. Finally, calcining removes surfactants
and forms a mesoporous SiO2 shell. Through this method, a variety of nanoparticles,
such as magnetic particles, silicon spheres, Au NPs, mesoporous SiO2 NPs, can be
encapsulated into the SiO2 shell.

31.2.1.2 Hard Template

The hard template mainly refers to a substance with a relatively rigid structure and
a rigid shape maintained by covalent bonds, such as carbon [37–39], silica [40–42],
metals [43, 44], metal oxides [45, 46], and oligomers [47] (Fig. 31.4) [48]. This
substance provides static pores in which the core precursors are encapsulated inside,
and then the required shell materials are coated on the external surface of the hard-
template agents to form core–shell nanoparticles with sandwich structure. Finally,
the etchant is introduced to remove the hard template and create voids between the
core and shell.

In recent years, Fe-basedmaterials have beenwidely used in photoelectrocatalysis
due to their rich content and suitable binding energy. DeKrafft et al. [49] reported a
metal–organic framework (MOF)-templated strategy for the synthesis of a mixed
metal oxide nanocomposite with useful photophysical properties. Fe-containing
nanoscale MOFs were coated with amorphous titania, and then calcined to produce
crystalline Fe2O3@TiO2 core–shell nanoparticles. He et al. [50] successfully synthe-
sized Ce@Fe hollow nanotubes with core–shell structure by combining electro-
chemical deposition method and thermal polymerization strategy (Fig. 31.5a). Using
ZnO nanowire arrays (NRAs) with smooth surfaces as templates, CeO2 was evenly
wrapped on ZnO. After electrodeposition, ZnO was etched to form rough nanotube
arrays (NTAs). By controlling the deposition time, different Ce@Fe samples with
varied thickness of α-Fe2O3 shell were prepared. Besides, with Fe3O4 as the core,
Du et al. [51] demonstrated Fe3O4@TiO2 yolk–shell structure generation process
(Fig. 31.5b). First, the pre-synthesized magnetic Fe3O4 NPs were coated with a
nonporous silica layer through a sol–gel approach in the presence of tetraethyl
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Fig. 31.4 Schematic drawing of hard templates for the synthesis of ordered mesoporous materials.
Reproduced with permission [48]. Copyright © 2008 American Chemical Society

Fig. 31.5 Schematic illustration by the hard-template method of a fabrication process of the
Ce@Fe NTAs heterojunction. Reproduced with permission [50]. Copyright © 2020 Elsevier B.V.
b The formation procedure of the yolk–shell structured Fe3O4@void@TiO2 NPs. Reproduced with
permission [51]. Copyright © 2016 Elsevier B.V
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orthosilicate (TEOS). Then, a further sol–gel coating process was utilized to deposit
a porous TiO2 shell onto the nonporous silica layer using tetrabutyl titanate (TBOT)
as the precursor, followed by a calcination at 450 °C in N2 atmosphere. Finally, an
ultrasound-assisted etching method was used to etch off the nonporous silica layer
in a weak alkaline media to the resultant Fe3O4@void@TiO2.

Meanwhile, because of the advantages of stability, non-toxicity, and low price,
TiO2 has been extensively studied in photocatalysis. But its wide bandgap limits the
effective use of light. Therefore, the strategy of preparing composites by coating TiO2

with other materials has attracted great attention. Li et al. [52] prepared Pt@TiO2

hollow spheres (Pt-HSs) using SiO2 as a template. The SiO2 nanospheres prepared by
themodified Stöbermethodwere used as a template to adsorbH2PtCl6 on the surface,
and then they were calcined at 500 °C for 2 h under H2 atmosphere to form Pt parti-
cles anchored on SiO2. Subsequently, the coating of the amorphous TiO2 shell was
carried out by hydrolysis of titanium tert-butoxide (TBOT). The crystallinity of TiO2

was improved by calcination. It is worth noting that direct calcination will destroy the
structure of the TiO2 shell. Therefore, in order tomaintain themorphology, the outer-
most protective layer was formed by coating another layer of SiO2. After calcination,
the inner and outer layers of SiO2 were etched in NaOH solution at 70 °C for 8 h to
form Pt @ TiO2 hollow spheres (PT-HSs). After that, Li et al. [53] continued to use
Pt nanoparticles and MnOX to selectively modify the inner and outer surfaces of the
TiO2–In2O3 double-layer shell to synthesize Pt@TiO2@In2O3@MnOX mesoporous
hollow spheres (PTIM-MSs) as photocatalyst.

31.2.1.3 Self-template

Both the soft-template method and the hard-template method must remove the
template to form a void, which inevitably causes material loss and waste. Mean-
while, the choice of template agents, affinity with the precursors, solution concen-
tration, surfactant types, etc. have a significant influence on the coating effect. In
recent years, the introduction of self-template to construct hollow nanostructures has
attracted extensive attention. Professor David Lou, Yadong Yin et al. [20, 54, 55]
have reviewed the synthesis strategy and application of the self-template method.
Compared with the traditional soft and hard templating method, the template mate-
rials in the self-templating approach not only serve as supporting frames as traditional
templates, but also can directly participate in the formation process of the hollow shell
layer: the template materials are directly converted into a shell layer or as precursors
to the shell. Therefore, the self-templating method has the characteristics of fewer
reaction steps and no need for additional templates, and has significant advantages
in the design and optimization of hollow nanostructures.

The key to the self-templating method is the formation of the internal spatial
structure of the composite material. According to the forming mechanism of the
internal hollow structure, the self-templatingmethod can be roughly divided into four
synthetic mechanisms, namely, selective etching method, outward diffusion method,
heterogeneous shrinkage method, and electrochemical replacement method.



526 Y. Min

Fig. 31.6 Schematic illustration by selective etching method of Co/FeC core–nitrogen-doped
hollow carbon shell structure for highly efficient oxygen evolution reaction. Reproduced with
permission [56]. Copyright © 2020 Elsevier Inc

Selective Etching Method

The formation of the hollow structure comes from the selective etching of the internal
region of the templates. In general, selective etching requires the use of capping
agents, such as PVP, to maintain nanoparticles’ stability, so that the hollow structure
obtained based on this mechanism will maintain the original template dimensions
and crystal crystallinities. Zhang et al. [56] reported a multi-core–shell structure
Co/FeC@N-doped hollow carbon (Co/FeC@NHC) with tunable carbon shell thick-
ness (Fig. 31.6). A distinctive core–shell structure consisting of a bimetal-basedMOF
(Co/Fe) core and polydopamine shell was crafted, followed by high-temperature
pyrolysis and subsequent hydrochloric acid etching process to synthesize multiple
Co/FeCnanoparticles encapsulated inN-doped hollow carbon. Polydopamine (PDA)
is used as a morphology regulator playing a critical role in formation of core–shell
structure, aswell as a carbon source and nitrogen source decomposing at high temper-
ature and in situ forming the carbon matrix. Notably, multi-core–shell structure
composites have adjustable shell diameters ranging from 4.8 to 47.8 nm through
simply adjusting the amounts of PDA.

Outward Diffusion Method

The reaction mechanism of the outward diffusion method can be divided into three
types: the Kirkendall effect on the nanometer scale, Ostwald ripening, and ion-
exchange reaction.

(1) Kirkendall effect: When two metals with different diffusion rates diffuse to
each other, the vacancy defect will be formed on the side of the metal with a
faster diffusion rate, and then holes will be generated. He et al. [57] demon-
strated a nanoscale Kirkendall cavitation process that can transform solid palla-
diumnanocrystals into hollowpalladiumnanocrystals through the insertion and
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Fig. 31.7 Schematic illustration by outward diffusionmethod of a the synthetic route ofCo3O4/NS-
RGO framework via nanoscale Kirkendall effect. Reproduced with permission [58]. Copyright ©
2020, American Chemical Society. bAuNPs@Ni(OH)2 yolk–shell NPs via ion-exchange reaction.
Reproduced with permission [9]. Copyright © 2020 Elsevier Ltd

extraction of phosphorus. Solid metal nanocrystals of Pd, which became solid
nanocrystals of PdP2 after reacting with species P due to the faster diffusion
of P than Pd, were eventually converted to hollow metal nanocrystals with an
increased outer diameter through an artful application of the Kirkendall effect
by extracting the species P. The key to success in producing monometallic
hollow nanocrystals was the effective extraction of P through an oxidation
reaction, which promoted the outward diffusion of P from the compound
nanocrystals of PdP2 and consequently the inward diffusion of vacancies and
their coalescence into larger voids. Zhu et al. [58] utilized a two-step calcina-
tion strategy to fabricate hollow Co3O4 nanoparticles embedded in a N,S-co-
doped reduced graphene oxide framework (Fig. 31.7a). In the first step, core–
shell-like Co@Co3O4 embedded in N,S-co-doped reduced graphene oxide
was synthesized by pyrolysis of Co-based metal–organic framework/graphene
oxide precursors in an inert atmosphere at 800 °C. The designed hollow Co3O4

nanoparticles with an average particle size of 25 nm and a wall thickness of
about 4–5 nm are formed by a further calcination process in air at 250 °C via
the nanoscale Kirkendall effect.

(2) Ostwald ripening: The process is generally divided into two steps: the disso-
lution of small crystals and the redeposition of dissolved substances on the
surface of large particles to induce secondary crystal growth. Nagaraju et al.
[59] composed a yolk–shell structured Mn3O4 nanosphere (Mn3O4 NSs). The
formation process of yolk–shell structured Mn3O4 NSs included nucleation,
aggregation, and Ostwald ripening process from inside to outside. During
the high-temperature solvothermal process, the initially formed cores with
precursors became nanoparticles, which were further aggregated into spher-
ical shapes to reduce surface energy. Subsequently, under continuous autoclave
treatment, the sphericalmaterials underwent theOstwald ripening process from
the inside to the outside, dissolved, and then deposited to form yolk–shell-
shaped nanospheres. It is worth noting that the addition of polar protic solvent
H2O will cause changes in the properties (polarity, viscosity, and solubility)
of alcohol solvents, which may change the shape and morphology of metal
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oxide nanostructures. Therefore, H2O promoted the continuous deposition of
Mn(OH)2 nucleation and reunion to formporous nanospheres (Mn(CH3COO)2
+ 2H2O → Mn(OH)2 + 2CH3COOH), 2Mn(OH)2 + O2 → 2MnO(OH)2↓).

(3) Ion exchange reaction: The outward migration of internal particles can also
be achieved by ion exchange on the template surface. Cai et al. [9] developed
a general method for preparing Au NPs@Ni(OH)2 yolk–shell nanoparticles
based on the etching of Cu2O nanoparticles and the formation of Ni(OH)2
shell (Cu2O + Na2S2O3 + H2O → Cu2S2O3 + 2NaOH; NiCl2 + 2NaOH
→ Ni(OH)2↓ + 2NaCl) (Fig. 31.7b). The yolk–shell structure was the result
of the interdiffusion of multiple ions, including Cu2+ outward diffusion and
Ni2+ inward diffusion through vacancy exchange, forming a unique hollow
inner shell and porous shell. Huang et al. [60] synthesized the electrocatalyst
CoS2/NC@Co-WS2 with a yolk–shell structure by the ion-exchange method.
ZIF-67 was the self-template and Co sources. Co2+ diffused out of ZIF-67 and
formed aCo-WSX layer withWS42− diffused from (NH4)2WS4. As the process
is going, Co2+ was further released from the core, and Co-WSX simultaneously
grew on the shell, resulting in the formation of yolk–shell. At this stage, due
to the combination of Co2+ and WS42−, the shell became concave and rough,
which could provide more exposed active sites and shorten the charge transfer
paths.

Heterogeneous Shrinkage Method

In the heterogeneous shrinkage mechanism, the formation of the hollow structure
comes from the hugemass or volume difference between the template and the product
during the heat treatment process,which leads to the volume shrinkage of the template
fromoutside to inside.Many thermally degradable substances can be used as template
precursors in this process, such as metal carbonates/alkoxides and metal–organic
framework structures. For example, in the process of MOF derivation of the hollow
structure, the MOF precursors can be gradually decomposed from the outside to the
inside caused by the temperature gradient. The coordination bonds will be cracked,
the linkers are carbonized, and the dense shell is separated from the in situ generated
core to form void spaces (Fig. 31.8a) [61].

Electrochemical Replacement Method

It is based on the electrochemical oxidation–reduction reaction between the templates
and the solution metal ions, which guides the metal ions in the solution to nucleate
and grow on the surfaces of the templates, while causing the internal template etched
to form a hollow structure. Specifically, there is an electrode potential difference
between the two metals, using one metal as the reducing agent (anode) and the other
as the oxidizing agent (cathode). After the anode template materials are synthesized,
the cathode metal salts will be added, and under the action of the electrode potential
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Fig. 31.8 Schematic illustration of a the process of heterogeneous shrinkage by MOF derivation.
Reproduced with permission [61]. Copyright © 2020 Elsevier B.V. b the synthesis of three dimen-
sional (3D) Cu/Cu2O/CuO hybrid foams. Reproduced with permission [61]. Copyright © 2020
Elsevier B.V

difference, they will spontaneously undergo a redox reaction. Li et al. [62] reported a
facile halides-assisted electrooxidationmethod for the synthesis of three-dimensional
(3D)Cu/Cu2O/CuOhybrid foams as free-standingOERelectrodes (Fig. 31.8b).With
the assistance of halide ions (Cl, Br, I), nanostructured cuprous phase is facilely
constructed via a potentiostatic electrooxidation process. Then, active Cu2O/CuO
shell with nanoarray architectures is achieved after ion replacement and a further
electrooxidation process. Ghasemian et al. [63] introduced a “liquid metal” reaction
process. In aqueous solution, MnO4− on the metal surface of the liquid gallium–
indium alloy (EGaIn) underwent an electrochemical displacement reaction with
EGaIn, leading MnO4− to be reduced to an oxide layer at the interface. Thus, a
single-layer hydrated MnO2 nanosheet shell was obtained, named EGaIn/Mn core–
shell structure. Hou et al. [64] reported for the first time a self-template strategy,
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through pyrolysis of core@shell MOFs, to construct a nanoflower-like carbon cage.
The key was attributed to the induction of Fe3+. Generally, carbonized MOFs would
produce nanocarbon particles with structural collapse or isolation. However, with
Fe3+ doped into the Zn@Co-MOFprecursors, the Fe–Co nanoalloy produced by Fe3+

induced the continuous growth of carbon tubes on the surface of the carbon cage.
The carbon tubes of adjacent carbon cages were connected to each other, making
the carbon cages assemble spontaneously into a complete hydrangea flower-shaped
nanosuperstructure.

31.2.2 Seed Deposition Method

The seed deposition method uses nanoparticles as seeds. By adding metal ion solu-
tion and reducing agent, and controlling the deposition process through chemical or
physical actions, the shell precursors grow on the surfaces of seeds.

Generally, the seed deposition method consists of two steps:

(1) Nuclear formation: By reducing the precursors of the core, core nanoparticles
with different morphologies are obtained and used as seeds for the next shell
coating.

(2) Epitaxial growth of the shell: By adding a reducing agent, blocking agent, and
inorganic ions to the precursor of the shell, the shell is evenly coated on the
surface of the core.

Therefore, the main factors affecting the size and morphology of core–shell
nanoparticles are the type and concentration of the precursors, the type of blocking
agent, the reducing agent, etc.

Zhou et al. [65] synthesized the electrocatalyst Fe3O4@CoO with a core–shell
structure by seed-mediated method. The Fe3O4 nanoparticles were first synthesized
by the thermal decomposition of Fe(acac)3 in a mixed solution of hydrophobic
monomer octadecyl acrylamide (OAm) and oleic acid (OA). The obtained Fe3O4

nanoparticles were then employed as the seeds for the growth of the CoO shell
by the thermal decomposition of Co(acac)2. It is notable that the high-temperature
organic colloidal environment can regulate the nucleation size and shell thickness.
Aitbekova et al. [66] used the seed-mediated colloid method to synthesize the
heterodimer Ru@Fe2O3. The transformation of heterodimers into core–shell struc-
tures resulted from the encapsulation of ruthenium by iron oxide upon reductive
pretreatment. Specifically, Ru nanoparticle seeds were obtained by thermally decom-
posing Ru3(CO)12 in oleylamine. Then, by adding Fe(CO)5, Fe2O3 nanoparticles
were grown onto Ru seeds and decomposed at 300 °C in a mixture of 1-octadecene,
oleic acid (OA) and octadecyl acrylamide (OAm). The contact between Ru and
Fe2O3 in the ruthenium-iron oxide colloidal heterodimer promoted the reduction of
Fe2O3, leading to the formation of a ruthenium-iron core–shell structure through the
hydrogen overflow effect.
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Tang et al. [67] designed a MOF@MOF (ZIF-8@ZIF-67) core–shell structure
using ZIF-8 as seeds, and derivatized a new type of functionalized nanoporous
materials NC@GC with nitrogen-doped carbon (NC) as the core and high graphi-
tized carbon (GC) as the shell through high-temperature pyrolysis. Nanoporous NC
prepared from ZIF-8 crystals had a relatively high N content and a large surface area,
and nanoporous GC prepared from ZIF-67 crystals possessed highly graphitic walls
with good conductivity due to the catalytic graphitization effect of well-dispersed Co
species in the parent ZIF-67 crystals. Furthermore, the NC@GC materials possess
interconnected hierarchically micro/mesoporous structure originated from the core–
shell ZIF-8@ZIF-67. Similar to Tang, Wu et al. [68] used ZIF-67 as seeds, deposited
Co3O4 nanoshells, and derivatized graphite phase r-Go by calcination to prepare r-
Go@Co3O4 yolk-shell structure [63]. The high conductivity of r-GO and the highly
porous Co3O4 shells were organically combined.

Ahmad et al. [69] took Ag@Au as an example to study the growth and evolution
of nanostructures during the seed-mediated process by adjusting the combination
of end-capping agent and coordination complex (Fig. 31.9a). The capping agent,
dimethyl-amine (DMA), and the coordinating complex, potassium iodide (KI), in
an organic solvent (methanol) could slow down the reaction kinetics to observe
mechanistic insights into the overgrowth process and shift the growth regime from
galvanic-replacement mode to direct synthesis mode resulting in the conventional
synthesis of Ag@Au core–shell structures. Specifically, applyingDMAandKI could
completely block the current displacement reaction. Under this growth condition,
the equilibrium concentration of the Au monomer and the reduction potential was
significantly reduced. By changing the concentration of DMA, the growth rate of Au
deposited on Ag could be directly adjusted: under the same electron dose conditions,
a higher DMA concentration resulted in a lower Au deposition rate. On the other
hand, the use of DMA itself did not completely stop the electrical reaction at the
interface, but it could cause the formation of a hollow structure and the diffusion of
Ag into the shell region. The addition of KI inhibited the electrochemical reaction
of Au–Ag alloy at the interface. The combined use of this end-capping agent and
coordination complex is the best strategy to form a stable Ag@Au nanostructure
(Fig. 31.9b).

In addition, alloys have attracted extensive attention in the field of catalysis due
to their bimetallic synergy. Zhao et al. [70] combined core–shell structure with alloy
design to prepare electrocatalyst Pd@Pt1.8Ni, containing bimetallic nanoshells. With
octahedral Pd as seeds, about four atomic layers of PtNi alloy were deposited on their
crystal plane. By simply changing the concentration of Pt and Ni precursors added
to the system, the Pt:Ni atomic ratio, controlled from 0.6 to 1.8, could be success-
fully adjusted. The ultra-thin PtNi alloy shell with only a few atomic layers greatly
improved the utilization efficiency, thereby reducing the use of Pt. Zhang et al. [71]
reported a promisingly dendritic core–shell nickel–iron–copper metal/metal oxide
electrode CS-NiFeCu, prepared via dealloyingwith an electrodeposited nickel–iron–
copper alloy as a precursor. Dealloying is a commonly used top-down nanosynthesis
technique where one or more chemically active elements are selectively oxidized and
removed from parent alloy by chemical and/or electrochemical methods. This keeps
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Fig. 31.9 Schematic illustration by seed deposition method of a the effect of the combina-
tion of end-capping agent and coordination complex; b shape evolution of bimetallic Ag@Au
morphologies. Reproduced with permission [69]. Copyright © 2019, American Chemical Society

the metallic core at high electrical conductivity, which enhances the facile electron
transfer during the catalytic process.

31.2.3 Self-assembly Method

Self-assembly is also a common method of core–shell structure preparation. It is
a process in which the components spontaneously form thermodynamically stable,
structurally determined aggregates by biological affinity or bonding between groups.
Once this process starts, it will automatically proceed to a certain expected endpoint,
and the structural units such asmoleculeswill be automatically arranged in an orderly
manner.
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There are two common forms of self-assembly method: (1) amphiphilic copoly-
merization and (2) layer-by-layer deposition.

(1) Amphiphilic copolymerization: Its principle is that the copolymer contains
both hydrophilic and hydrophobic functional ends. Therefore, the self-
assembly of the amphiphilic block copolymer in a selective solvent can form
a polymer micelle with a hydrophobic core-hydrophilic shell. Li et al. [72]
reviewed the research progress of the preparation of spherical nanoparti-
cles by the block polymer template method, and the templates were divided
into two categories: micelles self-assembled from linear block copolymers
and unimolecular star-shaped block copolymers. The article pointed out that
changing the molecular weight of the block polymer could adjust the size of
the block polymer assembly, and further control the size of the nanoparti-
cles. Fei et al. [73] used a new type of block copolymer molecular brush to
synthesize polydimethylsiloxane block-polyethylene oxide and phenolic resin
to obtain an ordered precursor film, and then carbonized to prepare nanome-
ters (Fig. 31.10a). Porous carbon provided new ideas for subsequent core–
shell structure preparation. Through hypercrosslinking-induced self-assembly
strategy, Xu et al. [74] prepared a porous polymer composite with a functional
hollow structure, and then encapsulated Pd nanoparticles in the hollow cavity
of hypercrosslinked polymer (HCPs) nanospheres by in situ impregnation-
reduction method. Thus, a selective catalyst with yolk–shell structure was
prepared (Fig. 31.10b). HCPs exhibited different intrinsic swelling behaviors
in solvents of different polarities. Therefore, by changing the polarity of the
solvent medium, the pore sizes of micropores in HCPs-based catalysts could
be precisely adjusted, so that the catalyst had selectivities for substrates of
different molecular sizes.

Fig. 31.10 Schematic illustration by amphiphilic copolymerization of a a block copolymer molec-
ular brush to synthesize polydimethylsiloxane block-polyethylene oxide and phenolic resin. Repro-
ducedwith permission [73]. Copyright©2019,AmericanChemical Society.b In-situ impregnation-
reduction method to encapsulate Pd nanoparticles in the hollow cavity of hypercrosslinked polymer
(HCPs) nanospheres. Reproduced with permission [74]. Copyright © 2019, American Chemical
Society
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(2) Layer-by-layer deposition (LBL): The process of alternate layer-by-layer depo-
sition and the weak interaction between the molecules of each layer can result
in that the layers and layers spontaneously associate to form a stably coating
structure with specific functions. LbL deposition is suitable for depositing
many kinds of materials containing nanoparticles, polymers, proteins, dye
molecules, and lipids on various substrates. During the deposition process, the
matching of the surface properties of the two layers has an essential effect on the
uniformity of the coating. In addition to the surface charge involved in electro-
static interactions, hydrophobic interactions, hydrogen bonding, complemen-
tary base pairs, and covalent bonding should also be considered. The thickness,
function, and composition of the final material prepared by LbL can be easily
adjusted by changing the number of deposited layers, the type of adsorption,
and the conditions used in the assembly process. Caruso et al. [75] reported
the preparation of monodisperse hollow titania spheres with defined diameter,
wall thickness, and crystal phase by the layer-by-layer templating of colloid
particles and subsequent calcination. Specifically, using LbL technology, with
titanium(IV) bis(ammonium lactato) dihydroxide (TALH) as precursor and
poly(dimethyldiallyl ammonium chloride) (PDADMAC) as polyelectrolyte,
a uniform TiO2 layer was deposited on various colloidal nanoparticles. The
ability to form core–shell nanoparticles uniformly depended on the water
stability of TALH: it could be assembled with PDADMAC through elec-
trostatic interaction at room temperature, and then subjected to constrained
hydrolysis and condensation to form a TiO2 shell. The calcined PS nanoparti-
cles coatedwith TALH/PDADMAC formed hollowTiO2 spheres. By adjusting
the number of deposited TALH/PDADMAC layers, the thickness of the shell
could be easily adjusted from 5 nm to 50 nm. Wang et al. [76] synthesized the
ZnO@void@SiO2 yolk–shell structure by the LbL method. The hydrothermal
treatment of glucosewas used to form a carbon layer on the surface of ZnO, and
then a silicon shell was prepared on the surface by the sol–gel method. Finally,
glucose decomposed under high-temperature calcination, resulting in voids,
namely,ZnO@void@SiO2.Glucose acted as aCsource and end-capping agent.
During the SiO2 coating process, according to the Ostwald ripening principle,
SiO2 nanoparticles were adsorbed on the specific C surfaces to form a shell,
resulting in an increase in the surface roughness of the particles. In addition,
Wang et al. [77] achieved amarigold-like SiC@MoS2 nanoflowerwith a unique
Z-scheme structure through electrostatic assembly technology (Fig. 31.11a).
The positively charged 3D-SiC nanocrystals and the negatively charged 2D-
MoS2 nanosheets underwent electrostatic self-assembly in aqueous solution.
The electrostatic repulsion between the negatively charged MoS2 nanosheets
suppressed their stacking on the SiC surface, thereby leading to the forma-
tion of nanoflower morphology. Yun et al. [78] successfully constructed ZIF-
8@Au25@ZIF-67 with a sandwich structure through coordination-induced
self-assembly strategy. The composite structure had an atomically accurate
surface interface structure and could be used as a heterogeneous catalyst
(Fig. 31.11b).
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Fig. 31.11 Schematic illustration by LbL method of a SEM images of SiC@MoS2 nanoflower.
Reproduced with permission [77]. Copyright © 2018, American Chemical Society. b The sandwich
structures of ZIF-8@Au25@ZIF67.Reproducedwith permission [78]. Copyright©2020,American
Chemical Society

31.2.4 Sol–Gel Method

The sol usually refers to the colloidal solution in which solids are dispersed in a
liquid. The gel is the frozen substance formed between a solid state and a liquid
state under specific conditions during the coagulation process of the sol. The sol–
gel method refers to dispersing the particles to be coated in the prepared sol, and
then performing gelation under certain reaction conditions, so that the desired shell
layer can be coated on the surface of the core particles. By adjusting the synthesis
parameters, such as capping agents, precursors, and solvents, not only can organic
or inorganic cores of various sizes (nanoscale, micro-scale, and sub-micro-scale) be
coated, but also multiple shells can be prepared to core–shell material with layer
structure.
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Ullmann et al. [79] entrapped Cp2ZrCl2 in dual-layered silica by two iterated
nonhydrolytic sol–gel steps with organosilanes (methyltriethoxysilane, isopropyltri-
ethoxysilane, octyltriethoxysilane, octadecyltrimethoxysilane) and WCl6 as modi-
fiers (Fig. 31.12a). In the case of dual systems, the presence of two distinct hybrid
silica layer effects, an internal silica layermodifiedwith C18-Si, and an external layer
with C8-Si moieties impinged on the broadening of polydispersity (Fig. 31.12b).

Afterward, Lan et al. [80] continued to explore a confined interfacial monomicelle
assembly approach for accurately coating ordered monolayered TiO2 mesopores
on diverse surfaces (Fig. 31.13a). They used the triblock copolymer F127 as the
template and glycerol as the restricted solvent to achieve the control of the ordered
mesostructure and thickness of the TiO2 shell layer at the level of single micelles.
First, titania monomicelle hydrogels were prepared after preferential evaporation
of tetrahydrofuran (THF). A sol–gel process was then initiated by subsequently
mixing the monomicelles and solid silica cores into ethanol/glycerol solvents under
stirring. The high-viscosity glycerol was chosen as a co-solvent, because it enabled
induction of monomicellar self-assembly in spatially confined directions as well as
simultaneously retarding hydrolysis and the condensation rate of titanium oligomers
by firmly adhering to titania monomicelles. As a result, the coated TiO2 shells posed
a monolayer of mesopores (Fig. 31.13b–d). Furthermore, by tuning the amount of
swelling agent, the accurate controllability of such a confined assembly process
achieved the formation of TiO2 shells from mono- to multilayers (up to five layers)
of mesopores, and the mesopore size also can be manipulated from 4.7 to 18.4 nm
(Fig. 31.13e–n).

Stober et al. [81] reported that under the catalysis of ammonia water, alkyl silicate
was hydrolyzed in an alcohol solution to obtain SiO2 spherical core particles with
good monodispersity and controllable size. This is the well-known Stober method.
Recently, Salinas et al. [82] linked the Stober principle and sol–gel method to prepare
Ca2+-doped core–shell structured catalyst SiO2@ZrO2-CaO. Experiments showed
that adding calcium to the SiO2@ZrO2 core–shell would produce calcium effect: (1)
CaO could partially stabilize ZrO2, causing the ZrO2 crystal phase to change from
cubic phase to the monoclinic phase. The cubic phase and the orthorhombic phase
had similar XRD spectra, that is to say, no XRD spectrum can detect the crystalline
phase of zirconia. However, due to the broad-spectrum characteristics of c-ZrO2,
after adding calcium, the Raman spectra of the cubic phase and the orthorhombic
phase showed a significant difference. (2) CaO increased the total number of basic
sites, which were related to the strong basic sites of CaO and the presence of mono-
clinic ZrO2. In the Stober system, Wei et al. [83] used the sol–gel method and
carbothermal reductionmethod to prepare hollow silicon carbide balls Ni@HSSwith
complete shape and uniform dispersion (Fig. 31.14). Specifically, yeast was applied
as a template, PVP was used to disperse and pretreat the agglomerated colonies.
Under alkaline conditions, TEOS hydrolyzed and condensed to generate SiO2, and
nano-SiO2 would gradually coat condensates on the surface of the yeast through elec-
trostatic interaction between particles.With the control of PVP, uniformand complete
coating layers were formed onto yeast surface. By roasting at high temperature in the
air, the material inside yeast was removed, leaving only a layer of SiO2 shell outside,
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Fig. 31.12 Schematic illustration by the sol–gel method of a hybrid dual-shell silica-based cata-
lysts synthesis route; b labeling example for dual-shell system. Reproduced with permission [79].
Copyright © 2020 Elsevier Inc
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Fig. 31.13 a Schematic illustration of the preparation of single-layer TiO2 mesopore-coated core–
shell structures via sol–gel method; b–d Morphological characterization images of the SiO2@SL-
mTiO2 core–shell nanostructures; e–n SiO2@mTiO2 core–shell structures with highly tunable
coated TiO2 layers from one to five layers of mesopores. Reproduced with permission [80].
Copyright © 2019 Elsevier Inc

which was the hollow silicon template that can be used as the silicon source of HSS.
After the sol–gel reaction, binary phenols with different molecular structures were
formed on the surface of a hollow silicon template, named RF@hollow SiO2. HSS
was finally achieved after calcination in Ar and air atmosphere separately.
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Fig. 31.14 Schematic illustration of preparation process of HSS. Reproducedwith permission [83].
Copyright © 2020 Elsevier B.V

31.2.5 Microemulsion Method

The microemulsion method is due to the formation of nanoparticles after nucleation,
coalescence, agglomeration, and heat treatment in the emulsionmicrobubbles formed
by two incompatible solvents under the action of surfactants. The characteristic parti-
cles have good monodispersity and good interfacial property, and the semiconductor
nanoparticles of group II–VI are mostly prepared by this method. According to the
difference of surfactant, chemical composition, and continuous phase, it is mainly
divided into three structures: oil-in-water (O/W), water-in-oil (W/O), and oil-water
bi-continuous. In recent years, there have beenmore andmore reports on the prepara-
tion of core/yolk–shell structure usingmicroemulsion technique at home and abroad,
and it has become one of the main techniques for preparing this kind of material.

Wang et al. [84] used PdCl42− ions as precursors of Pd nanoparticles to
combine P123/sodium oleate/PdCl42− solution with polymer precursors (2,4-
dihydroxybenzoic acid (DA) and hexamethylenetetramine (HMT)) acidic solution
to prepare an emulsion solution containing Pd precursor (Fig. 31.15a). During
hydrothermal treatment, the formaldehyde produced by HMT can not only reduce
Pd precursors to Pd nanoparticles, but also polymerize with DA on the surface of
emulsion droplets. The Pd nanoparticles formed in situ first induced the forma-
tion of Pd/polymer nanocomposites due to strong interaction with polymer carboxyl
groups. As the polymerization proceeds further, the polymer-yolk-supported Pd
nanoparticles produce the final egg yolk shell polymer nanospheres.

Luo [85] and others have demonstrated for the first time that metal complexes
are beneficial to the formation of water–scCO2 microemulsion. Compared with
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Fig. 31.15 a Using PdCl2-4 as a precursor, the TEM image of the sample after hydrothermal
treatment at 160 °C for different times. And a schematic diagram of the formation process of
Pd/C @ HCS. Reproduced with permission [84]. Copyright © 2018, American Chemical Society;
b Schematic illustration for the proposed formation process of Bi-rich Bi4O5Br2 with different
morphologies. Reproduced with permission [86]. Copyright © 2017 Elsevier B.V. c Yolk/SiO2 shell
particles generation containing movable NP cores. Reproduced with permission [90]. Copyright ©
2009, American Chemical Society

conventional hydrocarbon emulsifiers, the water solubility of metal complex stabi-
lized microemulsion is greatly improved. At the same time, this microemulsion
provides photocatalytic in situ reduction of carbon dioxide by the metal complex at
the water/scCO2 interface and a new approach is introduced. This method promotes
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mass transfer because the metal complex increases the interface area between the
two phases.

Mao et al. [86] successfully synthesized Bi4O5Br2 with two-dimensional
nanoflakes, three-dimensional monodispersed layered microspheres, and hollow
microspheres with adjustable morphology using ionized water-liquidmicroemulsion
method. Surfactant TX-100 as a stabilizer of IL/W microemulsion, its concentra-
tion significantly affects the morphology and size of the obtained Bi4O5Br2 crystals
(Fig. 31.15b). The prepared Bi4O5Br2 HSs and LMs have higher photocatalytic effi-
ciency than Bi4O5Br2 and BiOBr NSs, due to the hollow/layered spherical structure
and the large amount of Bi.

Kuwahara et al. [87] synthesizedTiO2@SiO2 photocatalystwith yolk–shell struc-
ture using oil/water (O/W) emulsion as a template. The oil/water system prepared by
adding oleic acid (oil phase) to water (aqueous phase) modifies the outer surface of
TiO2 NPs to form a Ti-COOH coordination bond, resulting in a lipophilic surface.
Under vigorous stirring, TEOS and 3-aminopropyltriethoxysilane (APTES) were
added as SiO2 precursors. The carboxyl group of oleic acid is neutralized with the
amino group ofAPTES, resulting in the deposition ofAPTES at the interface between
the continuous phase and the emulsion droplets of TiO2 NPs. At the same time,
the amino group of APTES provides an alkaline environment, causing the silicon
alkoxide to polymerize, thereby further forming a SiO2 shell.

Wu and Xu [88] reported an early soft-template method to synthesize yolk–shell
structure, successfully prepared materials with different particle cores (SiO2@ SiO2,
Au@ SiO2, and Fe2O3@ SiO2), and provides a standard process for this method
(Fig. 31.5c). The synthesis procedure includes three main steps: (1) Disperse the
nanoparticles (usually SiO2 and Au) into dodecyl sulfonate betaine (LSB), zwitteri-
onic surfactant, and sodiumdodecyl benzene sulfonate (SDBS) (anionic surfactant) in
an aqueous mixture with a molar ratio of 1:1. (2) Add 3-amino-propyltriethoxysilane
(APS) to induce vesicles with movable nanoparticle cores formation. At the same
time, some protonated APS used as structure guiding agents adhere to the surface of
the vesicles by electrostatic attraction. (3) Sol–gel method was used to prepare SiO2

shell by hydrolyzing APS and tetraethyl orthosilicate (TEOS). Wu et al. [89] used
oil/water (O/W) emulsion as a template to prepare Au nanocatalysts (2.8–4.5 nm)
with controllable size in hollow SiO2 nanospheres. Adjusting the Au precursor and
the concentration of HAuCl4 used in the synthesis process can easily control the
size of the Au nanocatalyst. Liu et al. [90] described a simple and general strategy to
prepare a series of yolk–shell structureswith different cores: fluorocarbon surfactants
FC4 and F127 adsorbed on the core through electrostatic interaction to form a vesicle
complex. Then add ethyl orthosilicate and deposit it on the surface of the nuclear
vesicle complex by vesicle template method. The orthosilicate is polymerized by a
sol–gel reaction to form a silicate shell. Then the yolk–shell structure is obtained
through the shrinkage of the silicate shell and the maturation process of TEOS in
the condensation and hydrolysis process. The surfactant is calcined to remove meso-
porous SiO2 shell. Through this method, a variety of nanoparticles such as magnetic
particles, silicon spheres, Au NPs, mesoporous SiO2 NPs, etc. can be encapsulated
into the SiO2 shell.
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The advantages of preparing nanoparticles by microemulsion method are simple
experimental device, low energy consumption, easy operation, and controllable
particle size; the particles are not easy to coalesce and have good stability; and
the surface active agent encapsulates the nanoparticle surface. The coating improves
the interface properties of the nanomaterials and significantly improves its catalytic
performance.

31.2.6 Some Other Methods

Electrodeposition technology is a new method for preparing core–shell structure
through the redox reaction on the electrode to form a coating through the migra-
tion of positive and negative ions in the electrolyte solution under the action of an
external electric field. The electrodeposited alloy nanospheres can grow tightly on
the electrode without any polymer binder. Chen [91] and others used a two-step
electrochemical strategy to fabricate core–shell nanospheres with highly active OER
electrocatalysts. A simple and fast electrodeposition method prepared NiFexSn alloy
nanospheres and the surface of NiFexSn alloy nanospheres. It will undergo elec-
trooxidation to produce an amorphous shell of NiFe (hydroxyl) hydroxide, thereby
forming a core–shell structure. The metal core of NiFexSn helps electron transfer
to the shell of amorphous NiFe (oxygen) hydroxide, which in turn prevents further
oxidation of the metal core. The selective electrochemical etching of tin in alka-
line solution produces a large surface area, which can expose a large number of
active sites, which is beneficial to the diffusion and transport of substances. By using
electrodeposition adjustment, it is easy to optimize the Ni/Fe ratio to obtain better
OER activity. The core–shell structured catalyst prepared by the electrodeposition
method has stronger stability, and at the same time can modify the original substrate
in many ways, and has more and more extensive applications in the construction of
the catalyst.

Atomic layer deposition (ALD) technology is amethod that candeposit substances
layer by layer in the form of a monoatomic film. Atomic layer deposition is similar
to ordinary chemical deposition. However, in the process of atomic layer deposition,
the chemical reaction of a new layer of atomic film is directly related to the previous
layer. This way allows only one layer of atoms to be deposited per reaction. Ma [92]
and others used atomic layer deposition (ALD) to precisely control the thickness of
the ultra-thin ZnO shell, adjust the absorption of light by the CdS core, and designed
a CdS @ ZnO core–shell structure catalyst to achieve a close contact between the
core and shell to accelerate the migration of photogenerated carriers, and at the
same time, the ZnO shell can also effectively prevent the photocorrosion of the CdS
core, thus showing good photocatalytic stability (Fig. 31.16a). Ma et al. [93] used a
one-step co-deposition process of atomic layer deposition (ALD) to deposit highly
uniform GaON films. This material only exhibits high-quality epitaxial growth on
ZnO nanowires (NWs) at 200 °C (Fig. 31.16b). Behavior to construct ZnO–GaON
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Fig. 31.16 a Schematic procedure of CdS@ZnOcore–shell structure prepared by anALDmethod.
Reproduced with permission [92]. © 2017 Elsevier Ltd; b A schematic representation specifying
the fabrication of the ZnO–GaON composite array (a). Schematic representation of the one-step
ALD growth of the GaON film on the surface of the ZnO NWs (b). Reproduced with permission
[93]. © 2019 Elsevier Ltd; c Two different ligand incorporation models: (left) a uniform distribution
associated with fast diffusion relative to the exchange process and (right) a core–shell distribution
associated with slow diffusion relative to the exchange process. Reproduced with permission [95].
Copyright © 2017, American Chemical Society; d The scheme of transition metal cation replace-
ment; e FEM simulations of the electric field amplitude of Au 35/CdS 5 heterodimer (35-nm-sized
Au domain and 5-nm-sized CdS domain) NCs with different polarization directions. Reproduced
with permission [99]. Copyright © 2018 Elsevier Ltd; f Schematic illustration of the proposed
formation mechanism for YS-MMS microspheres and Plasmolysis process of plant cells upon
immersion in a hypertonic solution (a); and synthesis procedure for the YS-MMS microspheres
(b). Reproduced with permission [100]. Copyright © 2017, American Chemical Society
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core–shell NW with different shell thicknesses (5–60 nm). It is found that ZnO–
GaON NW with the best shell thickness (about 40 nm) has the greatest electric
field enhancement and light trapping ability. Atomic layer deposition technology
due to its highly controllable deposition parameters (thickness, composition, and
structure), excellent deposition uniformity, and consistency makes it have a wide
range of application potential in the construction of core–shell structures.

Glow discharge is a traditional cold plasma phenomenon with high-energy elec-
trons. Wang [94] and others used argon glow discharge as the electron source to
prepare a highly active and stable carbon-supported Pt–Pd alloy catalyst by the room
temperature electron reduction method. In addition, when the precursor is a mixture
of different metal salts, electron reduction can also form alloy NPswith smaller parti-
cles. The core–shell nanostructure prepared by glow discharge has the characteristics
of strong interaction between carriers and high catalytic performance. This method
does not require chemical reducing agents, protective agents, and dispersants. The
preparation process minimizes environmental damage and efficiency also relatively
impressive.

Ligand exchange (substitution of ligands) refers to the ligand exchange reaction:
the ligand in the coordination compound can be replaced by other ligands, called
ligand exchange reaction, the general reaction mechanism is nucleophilic substitu-
tion reaction. Boissonnault et al. [95] studied the microstructure of metal–organic
frameworks (MOFs) after ligand exchange (PSE), and found that the exchanged
ligands were concentrated at the edge of the crystal. As the depth of the crystal
increased, the ligand concentration gradually lowers, forming a core–shell structure.
Diffusion studies of carboxylic acid ligands inMOF-5 indicate that this is because the
carboxylic acid ligands slowly diffuse into the pores of the MOF, causing exchange
to occur faster than diffusion, resulting in the formation of a core–shell structure
(Fig. 31.16c). The study of PSE in UMCM-8 and UiO-66 single crystals shows a
similar trend, indicating the applicability of PSE as a method for creating core–shell
MOFs. The core–shell structure catalyst prepared by ligand exchange has a wide
range of modification applications for MOF-type materials, greatly broadening its
catalytic capacity.

Zhang et al. [96], based on the sequential chemistry of the solubility product
constant (Ksp), can sequentially precipitate metal sulfides to construct a uniform
core–shell structure. The utility model is composed of a metal sulfide absorbent
core and a metal sulfide auxiliary catalyst shell. The results show that the solubility
product constant (Ksp) of metal sulfides can drive the formation of a unique core–
shell structure. In a uniform core–shell structure, the instability of CdS nanoparticles
under irradiation can be well overcome.

Ion exchange is the function or phenomenon of the exchange of ions in solution
with ions on a certain ion exchanger. It is the exchange of ions in a solid ion exchanger
with ions in a dilute solution. Ghasemian [97] and others introduced a “liquid metal”
reaction process in which a single layer of hydrated manganese dioxide nanoparti-
cles was prepared in aqueous solution based on the reduction of permanganate ions
on the surface of the liquid EGaIn metal by galvanic-replacement EGaIn/Mn was
obtained for the chip case. Under simulated sunlight, the photocatalytic degradation
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performance of droplets as heterogeneous catalysts on Congo red model dyes was
studied, and it was found that EGaIn/Mn-2.5 is superior to MnO2 photocatalysts
reported in previous literatures.

Chen [98] and others used sonochemical precipitation and hydrogen ion exchange
to synthesizeWO3 microsphereswith controllable internal structure, and heat-treated
them. Under full-wavelength light irradiation, aromatic alcohols are selectively
photocatalyzed and oxidized to the corresponding aldehyde in aqueous solution. The
photocatalytic activity of egg yolk–shell WO3 microspheres is significantly higher
than solid structure WO3 microspheres and hollow structure WO3 microspheres.
Liu et al. [99] achieved the replacement of transition metal cations in aqueous solu-
tion by the aqueous cation exchange method, and synthesized the transition metal
coating of different metal elements (Fig. 31.16d, e) by adjusting the core size and
shell thickness, different morphological adjustments: spherical, rod-like. Using the
ion-exchange method, by changing the concentration of metal ions, the particle size
of the particles can be controlled, and a new method for the overall construction of
the core–shell structure is proposed.

Yue [100] and others proposed a brand-new “quasi-wall separation” interface
nanoengineering idea, successfully constructed a yolk–shell magnetic mesoporous
composite microsphere material with uniform and controllable morphology, and
in the synthesis process the synchronous coating of the functional nanocatalyst
in the cavity is realized in (Fig. 31.16f). The team mimicked the process of plas-
molysis of plant cells in hypertonic solutions in nature using magnetic particles
coated with polymer resin as the core and using interface nanoengineering strate-
gies to controllably deposit surfactants on the swollen polymer resin (CTAB)-SiO2

composite coating, during the subsequent ethanol extraction to remove CTAB and
organic swelling agent, the polymer resin shrinks, and the inorganic SiO2 shell forms
a large number of radial mesopores due to the removal of CTAB, thereby forming a
yolk–shell composite mesoporous micro-ball material.

31.2.7 Use of Photocatalysts for Yolk–Shell and Core–Shell
Materials

For current photocatalysts, the main factors restricting their development are the
excessively low light utilization efficiency, the corrosion dissolution of precious
metals, and the excessively low specific surface area, which cannot provide enough
active sites. Because yolk–shell and core–shell have the properties of shell and cavity
or form a heterojunction at the interface of the twomaterials, this can greatly improve
the catalytic performance and can also avoid photocorrosion caused by light when
using precious metals, and significantly improve the life and stability of the catalyst.
These advantages make yolk–shell and core–shell structure catalysts have important
applications in photocatalysis [101, 102].
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31.2.7.1 Use of Yolk–Shell Photocatalyst

Chiu [15] and others used Au–Cu2O core–shell nanostructures as growth templates
to form Au–Cu7S4 yolk–shell nanostructures by sulfidation. Au–Cu7S4 was then
converted to Au–CdS by cation exchange and by changing the reagent capacity,
by changing the void size, the prepared Au–CdS nanostructures showed a faster
hydrogen generation rate. Besides, the study found that Au–CdS nanostructures
with larger cavities have a faster hydrogen production rate, which is mainly due to
their increased diffusion rate on the CdS shell. Jiang et al. [103] prepared Pt/porous
CeO2 nanostructured photocatalysts by heterogeneous growth of CeO2 on porous
metal nanoparticles and then calcination to induce shrinkage of the nanoparticles.
The resulting (Pt yolk)/(porous CeO2 shell) nanostructures exhibited stronger broad-
band absorption in the visible region than their pure core/shell CeO2 and Pt NPs. The
thin CeO2 shell and sufficient void space in the PtAg-yolked nanostructure is the key
factor for its high photocatalytic activity. The selective oxidation of benzyl alcohol
under visible light proves that the nanostructures obtained have excellent photo-
catalytic activity. Its performance is attributed to the synergistic effect of multiple
components on light absorption and electron–hole separation and effective mass
transfer. Cai et al. [104] successfully encapsulated gold cores of different diame-
ters and shapes into Ni(OH)2 shells, and found that the synergistic effect of Au and
Ni(OH)2 makes the heterogeneous structure of egg yolk shells have enhanced catal-
ysis active. Li et al. [105] can adjust the gap between the yolk–shell ZnFe2O4 nanos-
tructure (CN–ZnFe2O4) egg yolk, and the shell through the heating rate during the
calcination of the precursor, so that it has excellent separation efficiency of photogen-
erated electron–hole pairs And the transfer efficiency of photogenerated electrons,
the obtained CN–ZnFe2O4 sample showed a stronger visible light response than
ZnFe2O4 (Fig. 31.17a).

Wang et al. [106] prepared upconversion nanoparticles (UCNPs) and ZnxCd1-xS
yolk–shell nanoparticles by a simple template-assisted hydrothermal method
(Fig. 31.17b). The results of steady-state and dynamic fluorescence spectrum anal-
ysis show that the prepared UCNPs/ZnxCd1-xS egg yolk–shell nanoparticles have
higher energy transfer efficiency and can be used as an efficient nanosensor for
near-infrared light, and the prepared egg yolk–shell nanoparticles are the dye which
has good photocatalytic degradation performance, good biocompatibility, and strong
ability to generate hydroxyl radical (OH) and monooxygen (1O2). Waqas et al. [107]
controlled the distribution of TiO2 in hollow spheres by loading aqueous solutions
of TiCl4 precursors onto carbonaceous templates, and then annealed, and Fe3+ ions
radially penetrated the hydrophobic core of the carbonaceous templates (Fig. 31.17c).
For the first time, photocatalytic water oxidation was carried out with a controlled
pseudo-brookite phase as yolk and titanium dioxide as a hollow spherical shell. Due
to the geometry of the hollow spheres, the light collection effect is better. Fe2TiO5-
TiO2 yolk–shell hollow spheres show high oxygen evolution reaction (OER) rate of
up to 148 μmol g−1 h−1 under ultraviolet-visible light. Through the thin-shell–yolk
heterojunction, the reaction solvent is brought close to the cavity of the reaction
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Fig. 31.17 a The proposed photocatalysis degradation path of o-DCB on the surface of CN–
ZnFe2O4. Reproducedwith permission [105]. Copyright © 2017 Elsevier B.V; bThe photocatalytic
mechanism of ZnxCd1-xS under near-infrared light. Reproduced with permission [106]. Copyright
© 2017 Elsevier B.V; c The synthesis process of Fe2TiO5-TiO2 yolk–shell hollow sphere and
analysis of its oxygen evolution performance. Reproduced with permission [107]. Copyright ©
2017 Elsevier B.V; d Schematic diagram of the crystal structure of the heterogeneous interface of
photocatalytic H2 under visible light (λ > 400 nm) and the proposed mechanism of binary CdS–
Cu2-xS and ternary layered CdS–Cu2-xS/MoS2. Reproduced with permission [108]. Copyright ©
2020, American Chemical Society
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site and the Fe–O–Ti heterojunction in the hollow structure is subjected to charge
separation.

31.2.7.2 Use of Core–Shell Photocatalyst

Liu [108] and others used Cu+ migration to design layered CdS–Cu2-xS/MoS2 photo-
catalysts (Fig. 31.17d) as migrated and embedded into the adjacent MoS2 surface
to create CuI @ MoS2 (CuI is embedded in the MoS2 base surface). The epitaxial
growth of CuI@MoS2 nanosheets on the surface of the one-dimensional core–shell
CdS–Cu2-xS nanorods forms a catalytic layer and a protective layer to enhance both
catalytic activity and stability. Wang [109] and others studied the effects of proton
irradiation on the structure and physical properties of giant CdSe/CdS core–shell
quantum dots (g-CS QDs). These experiments reveal the delocalization of photo-
electrons in g-CS quantum dots, where the strong changes in the current link and
light emission are caused by the spatial expansion of the photoelectron wave func-
tion over the conduction bands of CdSe and CdS. Monte Carlo simulations of ionic-
substance interactions indicate that the rate of destruction can be set by the energy of
impacting protons, thereby promoting the formation of structural defects in the core
or shell. After an irradiation dose higher than about 1017H + cm−2, the formation of a
nanocavity was confirmed, and a continuous decrease in luminescence intensity was
observed, thereby increasing the proton flux. This marks an increase in non-radiation
phenomena and a more photocarrier transfer between CdS and CdSe.

Xiao et al. [110] synthesized copper nanowires/ZnS (CuNWs/ZnS) with core–
shell structure in situ through microwave-induced metal dissolution. Cu NW is used
as a microwave antenna to create a local superheated surface to further induce ZnS
crystallization and completely cover the Cu NW. With S2−, the molten iron surface
further causes the dissolution of Cu NWs and promotes the diffusion of Cu + into the
ZnS lattice. By the narrow ZnS bandgap and the strong coupling interface formed
between Cu NWs and ZnS by microwaves, the prepared hybrid composites showed
excellent activity under the visible light and the stability of photocatalytic hydrogen
production. Wang et al. [111] polymerized quantum thick graphite carbon nitride
(g-C3N4) onto the surface of anatase titanium dioxide (TiO2) nanoflakes, and at the
same time exposed the TiO2{001} surface to form TiO2@g-C3N4 (TCN) core–shell
quantum heterojunction, the decisive factor for improving the photocatalytic activity
of TCN is its unique structural advantages: the g-C3N4 shell is dense and the contact
interface is uniform, the reaction sites are rich, and the surface adsorbed hydroxyl
(OH) groups There are many groups, so it can greatly improve the photocatalytic
tetracycline degradation activity. The degradation rate of tetracycline of 100 mg
TCN photocatalyst is 36% higher than that of the TiO2/g-C3N4 random mixture
(TCN(mix)), 2 times higher than TiO2, and 2.3 times higher than bulk g-C3N4. Li
[112] andothers used a layer-by-layer growthmethod to prepare core–shell structured
upconversion nanoparticles (UCNPs)-Pt@MOF, and then used microwave synthesis
method to load plasma gold nanoparticles to prepare (UCNPs)-Pt @ MOF/Au. In
this material, MOF has a small amount of visible light response to ultraviolet light.
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Plasma gold nanoparticles (NPs) absorb visible light, while UCNPs-Pt absorbs NIR
light and emits ultraviolet and visible light. These lights are then captured by MOF
and Au to achieve a broadband spectral response to the near-infrared (NIR) region.
Besides, MOF achieves spatial separation of Au and Pt and also provides a way for
the adsorption and desorption of reactants and products. Sun et al. [113] prepared the
core–shell structure TiATA@LZU1 by using MOFs containing NH2 groups directly
grown in the COF shell, and synthesized Pd/TiATA@LZU1 photocatalyst by doping
metal Pd. The experiments show the three components. There is a synergy between
themetal as the active center, theMOF core as an electron donor, and theCOF shell as
an intermediary for electron transfer, forming a “donor-mediator-acceptor” system.
The photocatalytic hydrogenation of olefins and the photocatalytic dehydrogenation
of ammonia borane (NH3BH3, AB) under visible light proved the effectiveness of
Pd doping.

Yang et al. [114] obtained a Ti3+ core/amorphous Ti4+ shell structure through
a two-step hierarchical dispersion modification combining thermal reduction and
hydrothermal fluorination. The formed core/shell structure is adjusted by the energy
band structure. The rutile titanium dioxide crystallites are transformed into an effi-
cient hydrogen evolution photocatalyst. The average precipitation rate of hydrogen
in the mixture of water and methanol increased by more than 100 times from 1.7
to 268.3 μmol h−1. Li [115] and others prepared Pt@TiO2 hollow spheres (Pt-HSs)
using silica as a template and then deposited MnOx on the outer surface by light
deposition to form Pt@TiO2 @ MnOx hollow spheres (PTM-HSs), Pt presence is
conducive to electron trapping, while MnOx tends to collect holes. When TiO2 is
generated, electrons and holes flow inside and outside the spherical photocatalyst,
gather on the corresponding cocatalyst, and participate in the redox reaction. Exper-
iments show that the composite material has a higher photocatalytic oxidation effi-
ciency for water and benzyl alcohol solution. Simultaneously with this work, the
team of Li et al. [116] prepared Pt @ TiO2 @ In2O3 @ MnOx mesoporous hollow
spheres (PTIM-MSs) using the hard-template method. The inner and outer surfaces
of TiO2–In2O3 double-layer shells were selectively modified with Pt nanoparticles
and MnOx, respectively. The space-separated promoter promotes the flow of elec-
trons and holes near the surface in opposite directions, while the thin heterogeneous
shell separates the charges generated in the phase. The synergy between thin hetero-
junctions and spatially separated cocatalysts can simultaneously reduce bulk and
surface/subsurface recombination. Indium oxide can also be used as a sensitizer
to enhance light absorption. PTIM-MSs show high photocatalytic activity for the
oxidation of water and alcohol.
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31.2.8 Application of Yolk–Shell and Core–Shell Materials
in Electrochemical Catalysis

The role of electrocatalysts in electrochemical reactions is to catalyze reactions by
forming reactive intermediates to reduce overpotentials and increase current density.
A good electrocatalyst should have high catalytic activity, stable corrosion resis-
tance, good electronic conductivity, simple synthesis method, low cost, etc. The
materials of yolk–shell and core–shell structure have low density, large surface area,
and adjustable pore structure. Through structural design and synthesis, not only
can the advantages of the internal and external materials be integrated, but also the
deficiencies of the two materials can be overcome to achieve the improvement and
optimization of the overall performance of the materials. In recent years, the yolk–
shell and core–shell structures have become an important direction for the synthesis
and application of nanomaterials. And it has broad application prospects in the field
of electrocatalysis.

Wuet al. [117] designed a simplemethod to realize a new type of reduced graphene
oxide-coated porous Co3O4 yolk–shell nanocage composite material. This special
composite structure achieves enhanced OER activity and stability by combining
high-conductivity r-GO with highly porous Co3O4 YSNCs. Cai et al. [104] obtained
Au NP@Ni(OH)2 yolk–shell structure through multi-ion interdiffusion (Fig. 31.18a,
b). Au yolk and Ni(OH)2 shell layers have abundant porosity and synergy effect,
thus showing excellent OER performance. Zhao et al. [118] obtained Pd@Pt Ni/C
core–shell catalysts by depositing about four PtNi alloy atomic layers on the surface
of Pd nanocrystal seeds (Fig. 31.18c). They changed the number of platinum and
nickel precursors added to the system to control the atomic ratio of platinum/nickel
in the shell from 0.6 to 1.8. The ultra-thin PtNi alloy surface layer with only a few
atomic layers can greatly improve the utilization efficiency and thus minimizes the
use of platinum.Hou et al. [119] synthesized ultra-longFe(OH)3:Cu(OH)2 core–shell
nanowires in situ on a three-dimensional foamed copper (CF) electrode by a simple,

Fig. 31.18 a and b TEM images of Au NP@Ni(OH)2 yolk–shell NPs. Low-magnification image
and SAED (inset) and high-resolution images. Reproduced with permission [104]. Copyright ©
2020 Elsevier Ltd. c Bright-field TEM image of octahedral Pd@Pt1.8Ni core–shell nanocrystals.
Reproduced with permission [118]. Copyright © 2015, American Chemical Society
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Fig. 31.19 a Illustrative expression of the procedures in the synthesis of ZIF-8 and NC, ZIF-67
and GC, and ZIF-8@ZIF-67 and NC@GC. Reproduced with permission [3]. Copyright © 2016
Elsevier Ltd. b Fabrication process of Cu@CoFe LDH core–shell nanostructure electrocatalysts.
Reproduced with permission [120]. Copyright © 2017 Elsevier Ltd

scalable, and rapid synthesis method. The 3D Fe(OH)3: Cu(OH)2/CF electrode has
high efficiency OER catalytic performance, the overpotential at 10 mA cm−2 is
365 mV, and Tafel slope is 42 mV dec−1.

Wang et al. [3] designed a dual-function electrocatalyst with a core–shell struc-
ture synthesized with ZIF-8 and ZIF-67 organic framework structures (Fig. 31.19a).
Although ZIF-8 and ZIF-67 have similar structures, they will form nitrogen-doped
carbon (NC) and highly graphitized carbon (GC) with unique properties after
carbonization. The core–shell structure of NC@GC integrates the advantages of
these two carbon materials, high conductivity and good stability show good electro-
catalytic activity for ORR and OER. Yu et al. [120] combined the structure of 1D
Cu nanowires (NWs) and 2D CoFe LDH nanosheets (NSs) to prepare a new layered
core–shell nanostructure on Cu foam (Fig. 31.19b). CoFe–LDH NSs have a large
surface area and active site accessibility is conducive to the adsorption and catalytic
reaction of water molecules. The unique layered structure is conducive to the diffu-
sion of water and the release of gas products, ensuring the close contact between the
catalyst and the electroactive substances. The channel provided by the Cu NWs core
for electron transport reduces the electron transport distance and the barrier layer,
which is beneficial to the reaction kinetics. Taking advantage of these advantages,
Cu@CoFe LDH core–shell catalysts exhibit excellent overall water decomposition
performance in alkaline media.

Wang et al. [121] used argon glow discharge as the electron source to prepare a
highly active and stable carbon-supported Pt–Pd alloy catalyst using room tempera-
ture electron reductionmethod.A glowdischarge is a traditional plasma phenomenon
with high-energy electrons. The reduced metal nanoparticles have the characteristics
of small size, steady interactionwith the carrier, and high catalytic performance.Ding
et al. [122] adopted a two-step pyrolysis-oxidation method. First, ZIF-67 was simply
pyrolyzed under the H2/Ar atmosphere. Secondly, Co NPs undergo controlled oxida-
tion in O2/Ar to obtain a series of Co-based nanoparticles with different multilayer
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structures. Among these Co-based hybrids, hollow N-doped carbon polyhedrons
have the advantages of large surface area, rich hierarchical pores, good dispersion,
high conductivity, sufficient oxygen vacancies and tetrahedral Co2+ can be used as
adsorption sites for H2O or oxygen ions, etc. The catalyst has the best bifunctional
electrocatalytic performance for ORR and OER, in which activity and durability
can exceed commercial Pt/C and IrO2. It has become a potential high-performance
non-noble metal bifunctional catalyst for sustainable energy applications. Kang et al.
[123] used a three-dimensional open-hole structure Cu(OH)2@CoNiCH core–shell
nanotubes (NTs) as a highly efficient OER electrocatalyst. It is through a simple,
highly controllable two-step method using copper foam (CF) as a carrier. At room
temperature, a large-sized tubular Cu(OH)2 array was directly grown on the copper
foam (CF). High-porosity nano spiny cones were grown on the wall surfaces of these
Cu(OH)2 NTs by low-temperature hydrothermal method. This method simplifies
the manufacturing process and reduces the inherent resistance of the electrode. This
unique 3D layered core–shell structure has a hollow tubular Cu(OH)2 core and a
porous CoNiCH nanospine shell. This structure provides a large number of active
sites, abundant defects, a large specific surface area, and fast electron transport,
thereby enhancing the electrocatalytic performance and durability of OER.

Hwang et al. [124] used a one-pot method to synthesize hexagonal, sandwich-
structuredM@Ru (M=Ni, NiCo) core–shell nanoparticles. Ni core particles having
a hexagonal plate-like morphology are generated from Ni and Ru precursors. The
Ru shell layer grows in a regioselective manner around the top and bottom and
the center edge of the Ni nanoplate. Therefore, the Ni@Ru core–shell hexagonal
nanosandwich structure is generated to accelerate the slow kinetics of water oxida-
tion. Zhang et al. [125] proposed a very promising dendritic core–shell nickel–iron–
copper metal/metal oxide electrode. It is a core–shell nickel–iron–copper electrode
prepared from electrodeposited nickel–iron–copper alloy as a template precursor
with a porous oxide shell and metal core. This trimetallic core–shell nickel–iron–
copper electrode has significant activity on water oxidation in alkaline media. At a
current density of 10mA cm−2, the overpotential is only 180mV. It is one of themost
promising OER catalysts. Lu et al. [126] encapsulated Ni, Co, and Fe alloy cores in
a graphite carbon shell (NiCoFe@C) to obtain a multifunctional catalyst material.
It has good activity on oxygen evolution reaction (OER), oxygen reduction reaction
(ORR), and hydrogen evolution reaction (HER). The encapsulation of the nickel–
cobalt alloy core causes changes in the electronic structure of the graphitized shell
layer, which adjusts the bonding strength of the reaction intermediates and improves
the catalytic activity.

Zhang et al. [127] used wet tissues (WTs) as templates, and carbon nanotubes
and ultra-thin NiCo2O4 nanosheet arrays as inner and outer microtubes to synthesize
double microtube structures. Carbon in WTs is an excellent defect inducer, which
induces a large number of defects into NiCo2O4 nanosheets. In addition, the corru-
gated structure and microtubular structure of the nickel oxide nanosheets can buffer
the strain caused by the catalyst phase transition in the electrocatalytic reaction.
In addition, the folded structure and microtubules of the nickel oxide nanocrystals
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can buffer the strain caused by the phase transition of the catalyst in the electro-
catalytic reaction. The dual microtubule structure also provides abundant diffusion
channels for oxygen and electrolytes with significant electrocatalytic activity, rapid
reaction kinetics, and excellent OER stability. Dai et al. [128] used a wet chemical
reduction method to prepare a ternary Co-Pd-Pt nanocatalyst supported by carbon
nanotubes. The new ternaryCo-Pd-Pt catalyst is composed of the core–shell structure
of Co@Pd and the surface modification of Pt trimer (Pt3). This three-way catalyst
shows ORR quality activity, which is 30.6 times higher than that of commercial Pt
catalyst. The Co-Pd-Pt catalyst showed excellent durability due to the survival and
dispersion of the modified Pt3 species during the ORR. It maintains a high activity
of more than 322,000 potential cycles in alkaline electrolytes. Zhou et al. [129]
colloidally synthesized Fe3O4@CoONCs core–shell structure in a high-temperature
organic solvent through seed-mediated growth. The core size and shell thickness are
controlled by high-temperature colloidal synthesis to systematically study the effect
of shell thickness on the catalytic activity of Fe3O4@CoO NCs.

Liu et al. [130] used an iron-based crystalline organic framework with nanorod
morphology as the starting material, and treated it in a 2-methylimidazole solution
to induce amorphization to generate MIL-88B nanorods. A MOF-NC is obtained
by adding Co2+ to the reaction solution, including iron-rich Fe–Co–aMOF core
and cobalt-rich Fe–Co–MOFs nanorods, and amorphous Co(OH)2 nanosheets as the
outer layer. Gohl et al. [131] synthesized a thin layer of Pt on TiWC and TiWN by a
general high-temperature self-assembly method, and prepared a stable atomic-grade
ultra-thin platinum shell titanium tungsten carbide Pt/TiWC catalyst. The material
has stability at high oxidation potential and better catalytic durability of ORR than
Pt/C.Xie et al. [132] used the Fe–PBAcage as a precursor to synthesize the open-cage
bimetallic core–shell structure of Fe–CoP through a simple hydrothermalmethod and
phosphating treatment. There is a hole in the center of each face of the Fe–CoP cage,
which exposesmore active parts of the OER.Due to the doping of iron and the unique
open-cage core–shell structure, the Fe–CoP cage can withstand a current density of
10 mA cm−2 at a low overpotential (300mv), which is superior to the performance
of commercial RuO2.

At present, the better explanation of the catalytic performance of the core/yolk
structure catalyst is almost limited to the restrictive effect of preventing the sintering
of active sites. In addition to advanced characterization methods, a deeper under-
standing of the sintering mechanism at the atomic level is required. For the design of
core–shell catalysts, almost all designs are based on the knowledge of the supported
catalyst or the performance of the material itself. When different materials are
combined to form a core–shell structure, the characteristics of individual materials
may change, especially in the interface area. Therefore, when the multifunctional
design is required, material compatibility, electronic performance, the composi-
tion, location, and the number of different active sites can be rationally designed
by computer simulation.
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31.2.9 Application of Yolk–Shell and Core–Shell Materials
in Other Efficient Catalysis Catalysts

Generally, yolk–shell metal–carbon nanostructures are constructed by template-
assisted selective etching. The core nanoparticles coat the intermediate template layer
and the carbon precursor shell layer in sequence. Then selectively remove the inter-
layer template after carbonization. However, from the point of view of green chem-
istry, this method has a low atomic economy. Although template-free methods have
been reported for yolk–shell nanostructures without carbon shells, they are still rarely
explored. Xu et al. [133] used the method of micellar interfacial copolymerization to
directly prepare polymers and carbon nanospheres with uniform hollowmorphology.
This new method is a template-free and unconstrained interfacial copolymerization
reaction and a carbonization reaction without a sacrificial template reaction. In the
presence of gold nanospheres, yolk–shell Au@C nanospheres were prepared by
copolymerization of aniline and pyrrole on the interface of TritonX-100.

Since the production of fuels and chemicals can reduce the emission of greenhouse
gas CO2, hydrogenation of CO2 into hydrocarbons in the scientific community has
received widespread attention. Aitbekova et al. [134] used a seed-mediated colloidal
method to synthesize heterodimers. Ru nanoparticle seeds (average particle size
4.8 nm) were obtained by thermal decomposition Ru3 (CO)12 in oleylamine, and
they share the crystal plane and direct contact with iron oxide to obtain a ruthenium-
iron oxide colloidal heterostructure. They demonstrated the synergistic effect in the
ruthenium-iron oxide heterodimer catalyst. Among them, the hydrogenation of CO2

to form hydrocarbons is realized by hydrogen activation and overflow from the
proximal ruthenium phase to iron components.

With the continuous improvement of the performance of the photoelectrode for
solar water splitting, improving the long-term stability of the photoelectrode has
become an increasingly important issue to meet the needs of the factory-scale oper-
ation. Guo et al. [135] developed a core–shell structure of Au@CdS nanoparticles
immobilized on zinc oxide nanowires (Au@CdS–ZnO) to promote charge transfer of
zinc oxide-based photoanodes (Fig. 31.20). The core–shell structure forms a nano-
junction between CdS and ZnO, which greatly promotes charge transfer, thereby
significantly improving the IPCE efficiency of the PEC battery in a two-electrode
configuration. He et al. [136] prepared bionic Au@TiO2 yolk–shell nanostructures
by growing TiO2 shells in situ on pre-formed AuNPs. The Au@TiO2 yolk–shell
NPs photoelectrode prepared by self-assembly not only maintains the yolk–shell
characteristics, but also has a good three-dimensional structure and photocatalytic
activity. Due to the unique hollow nanostructure and the efficient charge separation
provided by AuNPs, Au@TiO2 yolk–shell NPs are superior to commercial TiO2 and
Au@TiO2 core–shell NPs in both photocurrent and photocatalytic H2 generation.
Wang et al. [137] used aluminum-doped ZnO nanorod arrays (NRs) as an effective
electron transport layer and CdS as a light collection layer. Atomic layer deposition
(ALD) is used to deposit the TiO2 protective layer on theAl–ZnO/CdS photoanode to
improve the light stability. Compared with untreated Al–ZnO/CdS photoanode, the
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Fig. 31.20 Schematic illustration for the photocurrent generation with Au@TiO2 yolk–shell NPs
under irradiation [135]. Copyright © 2018 Elsevier B.V

light stability of Al–ZnO/CdS/TiO2 photoanode is greatly improved. The enhanced
stability is due to the triple function of the ALD TiO2 layer, which is to isolate
the direct contact between the photoanode and the surrounding liquid environment,
passivate the surface state of CdS, and capture and store photogenerated holes. Jin
et al. [138] first prepared PbWO4 spheres by solvothermal method. First, two pick-
ling was used to prepare a yolk–shell structureWO3 film. Then the surface and inside
of the WO3 shell are coated with a layer of BiVO4 film with a smaller bandgap to
obtain better electrolyte accessibility. The core–shell-type PEC photoanode not only
has good light absorption performance, but also facilitates the electron collection
of BiVO4 due to the increase of the contact area. Under the light of 100 mW/cm2,
the Fe–Ni promoter is added at a bias of 1.23 V versus RHE, and the photocurrent
density can reach 5.0 mA/cm2.

We believe that the core/yolk–shell nanoreactor has great potential for improving
chemical reactions. Multidisciplinary research and cooperation are needed to fully
realize the potential of core/yolk–shell nanoreactors. Although significant progress
has been made in the synthesis and application of the core/yolk–shell nanoreactor,
the core/yolk–shell structure will continue to be popular in the future.
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Chapter 32
Conclusion

Yasutaka Kuwahara and Hiromi Yamashita

This book made a comprehensive review on recent progress in the construction of
core–shell/yolk–shell nanostructures and their applications in catalysis, photocatal-
ysis, and electrocatalysis.With the rapid development of synthetic chemistry, colloid,
and interfacial science, a numerous number of core–shell and yolk–shell nanostruc-
tured catalysts with diverse core and shell combinations have been developed. Core–
shell nanostructures have been regarded as valuable and versatile nanomaterials for
catalysis because of their enhanced catalytic properties compared to their single-
component counterparts. For example, the synergism (e.g., ligand effect, ensemble
effect, and geometric effect) at the interface between the core and the surrounding
shell can be exploited for tailoring the catalytic activity and selectivity as well as
stability of core–shell nanocatalysts. Recent developments in the preparation of
core–shell nanocatalysts and their catalytic applications, including chemoselective
transformation reactions, hydrogenation reactions, selective synthesis of valuable
chemicals by syngas conversion and CO2 hydrogenation, etc. have been summa-
rized in Part I. As reviewed in some chapters in Part I, tuning the compositions
in the core/shell regions and the thickness of the shell in the core–shell nanocat-
alysts allows high chemoselectivity in specific organic transformations to produce
fine chemicals, and zeolite-based core–shell structure appears to be an effective
configuration for selective transformation reactions of C1-3 feedstock chemicals to
produce value-added chemicals and fuels involving gas phase reactors. Moreover,
core–shell catalysts have become promising materials for photocatalysis and elec-
trocatalysis. As summarized in Part II, manipulation of core/shell characteristics,
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core/shell interfaces, as well as the growth of multiple shells have provided many
opportunities for improving catalytic performances and adding new functionalities
in photo/electro-catalysis. Thus, the integration of two different components into a
single core–shell structure has led to the emergence of a new heterogeneous catalyst
that can be explored for a number of important chemical reactions.

Furthermore, yolk–shell nanostructures with unique core@void@shell nano-
configuration have been emerged as valuable and versatile nanocatalysts for the last
decade, because of their many unique advantages, as follows: (1) encapsulation of
free,movable cores inside the hollow shells; (2) encapsulation and compartmentation
of large guest molecules inside the interior void space; (3) protection of the encap-
sulated core particles from leaching, sintering, and aggregation by the outer shell;
(4) molecular-sieving effect for reactant molecules; (5) adsorption and condensation
property toward reactant molecules inside the cavity space; (6) easy tunability in the
core and the shell regions to add a number of functionalities. With these advantages,
yolk–shell nanostructure canbeused as a promisingplatform for the design anddevel-
opment of heterogeneous catalysis. In this book, recent developments in the design
and fabrication of yolk–shell nanocatalysts and their catalytic and photo-/electro-
catalytic applications have been summarized in Part III and Part IV, respectively.
The design and creation of yolk–shell structure compositeswithmultiple components
and well-controlled configurations are likely to bring new benefits to many catalytic
reactions, with keeping the encapsulated components stable during the catalytic reac-
tions. In particular, for the design and construction of efficient photocatalysts, which
requires multiple components to fulfill various functions, including light absorption,
photo-excited charge separation and transportation, and redox reactions, yolk–shell
nanocatalysts with controllable structures exert a significant influence.

As introduced in each chapter, a variety of a type of core/yolk–shell nanos-
tructures with different core/shell combinations have been successfully fabricated
via different synthetic strategies (e.g., seed-based growth method, selective etching
method, hard/soft-templating method, and ship-in-bottle approach) to construct
nano-configurations suitable for target chemical reactions. However, one-step/pot
strategy in the preparation of core/yolk–shell nanostructures is still in its infancy,
and many challenges remain to be solved. Multiple synthetic processes, preparation
cost, and difficulty in large-scale production of these nanostructures have limited
their ultimate applications in industrial applications. To this end, the development
of simpler one-step/pot synthetic strategies is necessary for the green, scalable, and
cost/energy-effective production of core/yolk–shell NPs, and extended application
of the core/yolk–shell nanocatalysts to industrially important catalytic applications,
which produce high-value-added fine and specialty chemicals, is highly desirable.

In comparison with traditionally supported catalysts, the unique collective and
synergism between the core and the shell materials in the core/yolk–shell nanos-
tructures have not fully been understood yet, mainly due to the difficulty in precise
control of the nanostructures, the diffusion of reactants and products within confined
nano-space, and the limited characterization technique available to understand the
core/shell interface and the nano-environments. For future development of core/yolk–
shell catalysts, it is extremely important to develop new synthetic methods to
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construct well-defined core/yolk–shell nanostructures, in which the sizes and shapes
of the metal cores as well as the thicknesses and structures of the shells can be tuned
precisely, to make a deep understanding of the structure–activity relationships and
the interfacial synergism between the cores and the shells. It is also highly desir-
able to develop advanced characterization techniques and theory calculations to gain
insights into core/yolk–shell nanostructures, for example, the diffusion and transfer
behaviors of both reactants and products in the core/yolk–shell NPs, the charge
transfer/distribution between the cores and the shells and the Schottky barrier at the
core/shell interface. Indeed, further exploration of new, undiscovered functionali-
ties is necessary to expand the possibilities of the core/yolk–shell nanocatalysts to
a wide range of different catalytic reactions, especially those important for indus-
trial applications. In particular, core/yolk–shell nanostructures containing multiple
catalytic components with controllable configurations/arrangements are believed to
bring new benefits to realize one-pot catalytic reactions (namely, cascade or domino
reactions), which can lead to energy-saving and cost-saving catalytic processes.

We believe that core/yolk–shell nanostructures have great potential as platforms
for designing and fabricating high-performance heterogeneous catalysts in thefield of
catalysis, photocatalysis, and electrocatalysis, which will eventually contribute to the
development of efficient catalytic processes and sustainable industrial applications
in the future.
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